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entitled 'GEOTECHNICAL PROPERTIES OF FINE-GRAINED PERMAFROST SOILS' 
submitted by William D. Roggensack in partial fulfilment of the require- 


ments for the degree of Doctor of Philosophy in Civil Engineering. 


ABSTRACT 


This thesis describes a laboratory study conducted on saniples of 
undisturbed, fine-grained permafrost soil. Specimens were obtained 
from sampling sites located near Fort Simpson, Norman Wells, and Inuvik, 
N.W.T., Canada. Both firrozen and thawed soils were tested to explore 
fundamental behaviour and assess typical geotechnical properties. 

Direct shear tests on frozen soil were conducted at slow rates, 
and obtained a friction angle identical to the value determined for the 
same soil when thawed. Moisture migration induced by shear was demon- 
strated by ice lenses which had fermed along shear planes. Sustained 
displacement resulted in strengtns which decreased with each snear Hox 


reversal. Transient and steady state deformatian processes were iden- 


tified in creep tests performed on the same soil, and analytical tech 
niques used to assess and present the data have been described. 


Residual stress tests on thawed soil indicated good correlations 
between lag on and thawed, undrained void ratios. !t was determined 
that post-thaw consolidation data coutd be used to estimate ae values 
with accuracy sufficient for gqectechnical purposes. Consolidation and 
triaxial shear tests demonstrated that fabric produced by segregate 
dominates behaviour at effective stresses below appreximately 50 kN/m 
Permeabilities decreased markedly as the secondary structure closed. 
The biocky macrostructure was eiso responsible for nonlinear failure 
envelopes which were caused by dilatant behaviour at low stress 

Site investigation techniaques tn permafrost terrain have been dis- 


cussed and recommendations pertaining to improving existing practice 
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Rendulic plot for ‘normally consolidated' frozen 75 
soil stressed beyond its long term strength (after 
Ladanyi, 1974) 


Rendulic plot for '‘overconsolidated' frozen soil 76 
stressed beyond its long term strength (after Ladanyi, 


1974) 


Vertical deformation and ground temperature versus 7® 
time for a room excavated in permafrost (from Thompson 
and Sayles, 1972) 


Schematic layout of shear box and associated equip- 13] 
ment used in direct shear tests on frozen soils 


Typical results from a direct shear test ,conducted 132 
on frozen soil, (TEST FS-01) ae 252 kN/m , 
lens 1.95 Mg/m>, and sheared at 1.9 cm/fday 


Direct shear envelopes for reconstituted Mountain 133 
River clay, Series A (unfrozen) 


Direct shear envelopes for reconstructed Mountain 33 

River clay, Series B (frozen) 

Direct shear envelope for Fort Simpson silty clay 134 

(Rate 1) 

Direct shear envelope for Fort Simpson silty clay 134 
ate 2) 

Direct shear envelope for Fort Simpson silty clay 35 

(Rate 3) 

Apparent cohesion intercept as a function of time 135 

to failure 

Sketches of ice structure in sheared specimens of 136 

Fort simpson silty clay 

Water content profiles in sheared specimens of 13 

Fort Simpson silty clay 

Sketch of possible shear-induced fabric observed 138 


in a core taken from the Fort Simpson landslide 


Idealization of direct shear test to estimate strain 139 
rates from an assumed condition of simple shear 
Elevation sectional view of apparatus used in iso- 140 


thermal, confined creep tests 
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Description 


Schematic layout of creep cell and associated equip- 
ment used in isothermal, confined creep tests on 
frozen soils 


Detail of “alternate methods of end=-lTubrication 
employed in creep tests 


Results from a typical creep test illustrating the 
use of a five point moving average to smooth the 
ev= at curve. (Test 3-B) 


Complete results for a typical, multi-stage creep 
test (Tests 3-A and 3-8) 


hmic plots of strain rate versus time for 
staye leading 


Cree: 


Relationship between primary creep exponent and 
applied deviatoric stress (includes some multi-stage 
data at higher stresses) 


Tentative relationship between primary creep exponent 
and steady stage creep rate (includes da ie 
multi-stage tests obtained at higher str 


Tentative flow relationship established from creep 
tests conducted on is iia Bi Trezen sols 


One-dimensional thaw-consolidation (after Morgenstern 
and Nixon, 1971) 


Maximum base pore pressures and degree of consolida- 
tion: a comparison of theory and experiment (after 
Morgenstern and Smith, 1973) 
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thaw cycle (after Nixon and Morgenstern, !973b) 


Different stress paths followed during the measure- 
ment of residuai stress for reconstituted Athabasca 
clay (after Nixon and Morgenstern, 1973b) 


Classification of underground ice (after Mackay, 1972a) 


Structure of frozen soils and associated ground ice 
forms. (after Tsytavich,,. 19; 
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Permeability test results for low plasticity clays, 
Copper River Basin, Aiaska (after Woodward-Clyde 
Associates, 1970) 
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Description 


Permeability as a function of stress for fissured 
boulder clay (after McGown and Radwan, 1975) 


Stress-strain curves for drained triaxial tests on 
98 mm specimens of London clay (after Marsland, 
1972) 


Thawing in a soil with reticulate structure 
Generalized thaw settlement curve 


Model to investigate the effect of fissuring on 
permeability 


Typical results from permeability tests on thawed 
soi} 


Comparison of predicted and observed permeabilities 
for thawed soi] 


10 cm diameter permode with sectiona! views of its 
major components 


Schematic layout of permode and associat 
used in residual stress, thaw-consolidat 
ventional consolidation tests 


Textural summary of fine-grained permafrost sails 
tested 
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Typical residual stress test results, Noell Lake 
site 


Vertical thaw strain without drainage, samples from 
Norman Welis site 

Sunmary of residuai stress tests, Fort Simpson 
landslide headscarp si 


Summary of residual stress tests, MVPL ice varia~ 
bility site, Norman Wells 


Summary of residual stress tests, Noell Lake site 
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e-= loq oO scurves Tor residual Stress test speci- 
mens, Borehole NW2 


é = log o” curves for residual stress test speci- 
mens, Borehole NW3 


e - log o' curves for residual stress test speci- 
mens, Borehole NL2 


Relationship between residuai stress and thawea, 
undrained void ratio 


Relationship between liquidity index and residual 
stress 


Residuai stress profile, Borehole NW? 

Residual stress profile, Borehole NW3 

Residual stress profile, Borehole NL2 

Summary of permeability test results, Zone 2, Fort 
Simpson landsiide headscarp 

| 

de headscarp 


Data from Figure 5.24 replotted to show low stress 
portion in more detail 


Summary of permeability test results, MVPL ice 
variability site, Norman Wells 


Summary of permeability test results, Noell Lak 
site 
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Profile of permeabilities at in situ ef 
overburden pressure, Norman Wells site 


Profiie of permeabilities at in situ effective 
ur 


overburden pressure, Noeli Lake site 


Void ratio - permeability relationship, stratified 
Structure 


Void ratio - permeability relationship, reticulate 
Structure 


Reproducibility of test results 


ical relationship between consolidation coeffic- 
ent and permeability 
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c) versus oo stratified structure, Zone 2, Fort 259 
Simpson landslide headscarp 


€y Versus. Go reticulate structure, Zone 3, Fort 260 
Simpson landslide headscarp 


c versus o', Norman Wells site 260 
c versus o', Noell Lake site 26) 
Profile of ¢ at in situ effective overburden pres- 261 


Vv —— = 
sure, Norman Wells site 


Profile of c at in situ effective overburden pres- 262 
sure, Noei] Vake Site 


Comparison of Cy determined in permoce and triaxial 262 
cell 
Thaw-consolidation test results for undisturbed 263 


permafrost samples 


Thaw strains for undisturbed permafrost, Norman 263 
Wells site 


Thaw strains for undisturbed permafrost, Noeil Lake 264 
site 


Frequency distributions of frozen bulk density a 
water content for samples from Zones 3 and 4, Fort 
Simpson landsiide headscarp 


Frozen bulk density - water content relationships 304 
for samples from Zones 3 and 4, Fort Simoson Tand- 

t ? P 
Slide headscarp 


Schematic layout of triaxial cell and associated 305 
equipment used in strength tests 


Pore pressure reaction test results for thawed sails, 306 
Norman Wells site 


Pore pressure reaction test results for thawed soils, 306 
Noel! Lake site 


Pore pressure reaction test results related to 30/ 
Stratigraphy, Norman Wells site 


Pore pressure reaction parameter B measured with in- ENO 
creasing consolidation stress 
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Description 


Pore pressure parameter A measured -at failure in 
triaxial compression, Fort Simpson samples 


Pore pressure parameter A measured at failure in 
triaxial compression, Norman Wells samples 


Typical consolidated, undrained triaxial compression 
test results, Zones 3 and 4, Fort Simpson landslide 
headscarp 


Stress paths during triaxial compression with 
Go. sa, sand (6. = Go.) peaks indicated 
ee ! . 
Effects which secondary structure may have on stress 
path shape during shear 


Shear strength enveiope using a maximum deviatoric 
Stress failure criterion 


Shear strength envelope using a maximum obliquity 
failure criterion 

Strength envelope fo from Zones 3 and.4,. Fort 
Simpson landslide he 


Strength envelope for soils from Norman Wells site 


Nonlinearity of strength envelope over a wide stress 
range 


Undrained strength test results in profile, Norman 
Wells site 


Sensitivity of c /p ratio to A parameter Tor a 
typical range of friction angles 


Sensitivity of c /p ratto to triction angle 
° uj : 
typical range of A parameter values 


Undrained strength as a function of residual stress, 
Fort Simpson site 


rength as a function of residual stress, 


Undrained st 
is site 
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Description 


Sketch of modified CRREL auger core barrel used 
in sampling operations 


Insulated core box used for field storage and 
transport of permafrost samples 


Location plan for Fort Simpson landslide headscarp 
sampling site (Mile 226) 


Location plan for Norman Wells sampling site 
Location plan for Noell Lake sampling site 


Log of typical headscarp section exposed at the 
Fort Simpson landslide (October, 1973) 


Plasticity chart for soils from the Fort Simpson 
landslide headscarp sampling site 


Moisture content and frozen bulk density data fa: 
soils from the Fort Simpson landslide headscarp 
sampling site 


Grain size curves for soils from the Fort Simpson 
7 = aye meee Bigs Eade Ay aes 
landstide hea scarp sampling Site MET scale) 


Borehole log for Norman Wells sampling site 


Plasticity chart for soils from the Norman Wells 
sampling site 


Moisture content and frozen bulk density data for 
soils from the Norman Wells sampling site (this 
study) 


Moisture content and frozen bulk density data for 
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CHAPTER | 


INTRODUCTION 


Tel GENERAL 


In the Northern Hemisphere, approximately half or Alaska, Canada 
and the UJS.S.R. are underlain by péermafrostcor perennially frozen 
ground (Mackay, 1972a). The existence of permafrost conditions in the 
sea floor beneath shallow coastal waters on the Arctic continental 
margins has also been established (Mackay, 1972b). In his study of the 
distribution of frozen ground in’ Canada, Brown (1970) has desertbed a 
number of surficial features unique to permafrost terrain anc notes 
problems which have commonly been encountered with construction and 
other engineering activities in these regions. 

Historically, the past decade has seen a gradual depletion of con- 
ventional reserves of oil and gas. This has brought about a dramatic 
increase in the demand for new sources of fossil fuel and other neon- 
renewable resources. Current and projected requirements have intensi- 


fied exploration in frontier areas such as the Canadian Arctic. Further- 


more, the imminent need to exploit petroleum, natural gas, and mineral 


of developing and bringing these resources to market. 
Resource exploration and development occurring in the Canadian 


Arctic since 1950 has been accompanied by engineering activities which 


Xu 


range from work as crude as bulldozing seismic trails, to the construc- 


tion of completely serviced communities. {tn addition to changing stress 
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conditions at depth, these endeavours often produce disturbances that 
alter the prevailing ground thermal regime. The effects which these 
changes may have on the physica! and mechanical properties of permafrost 
soils are of interest when it becomes necessary to either evaluate or 
predict the geotechnical behaviour of these materials. 

Geotechnical concerns unique to permafrost terrain require that 
both strength and deformation properties be defined throughout the 
anticipated range of thermal conditions. Although engineering theories 
have been developed which ostensibly provide an adequate description of 


observed behaviour for both frozen fe.g. Ladanyi, 1972) and thawing 


) 
oases 
ia) 


soils (e.g. Morgenstern and Nixon, 1971), there is almost no data ava 
which quantifies specific geotechnical properties for these materials. 
Specificeliy, difficulties experienced in Teeth aac wnie: fine-grained 
permafrost soils have lead to the aeveiopment of considerable interest 
in their behaviour. From this, it was clear that, wherever possible, 
undisturbed samples should be used in laboratory testing programs. This 
Study therefore made use of core which had been obtained from several 
different locations in the Mackenzie River Valley. To gain a more 
detailed description of geotechnical parameters and soil behaviour, the 
research described in this thesis has concentrated on defining certain 
Strength and deformation properties for frozen and thawing, fine-grained 


permafrost soils. 


~ 
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SCOPE OP THESIS 


Several facilities including an all-weather highway and oi! and gas 


pipelines have been proposed to occupy a transportation corridor which 
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generally follows the Mackenzie River Valley. To keep experimental data 
generated by this study relevant, permafrost cores tested were obtained 
from sites situated within or close to that same corridor. Figure 1.] 
is a map of the western portion of the Canadian Arctic and i!lustrates 
locations for the three sampling sites used in this study. Although the 
main thrust of this research dealt with the strength and consolication 
behaviour of thawing permafrost soils, additional! experimental work also 
investigated selected properties of frozen soils. 

Chapter !1! describes the composition and properties of frozen soil 
and documents the limited information availiable concerning their behaviour 
under typical loading conditions at temperatures within a few degrees of 
O°C. The role which ice assumes in introducing rate dependence to 
strength and deformation behaviour nas been given rather detailed atten- 
tion. ‘Efforts to develop a rational approach to deformation and limit 
equilibrium problems in frozen ground were commenced with a review of 
literature dealing with the creep and shear strength behaviour of ice 
and frozen soils. This revealed that most previous testing had been 
performed at relatively cold temperatures with applied stresses falling 
well beyond the usual range of geotechnical interest. Combining the 
results of these studies permitted construction of a flow relationship 
for ice which may be used te interpret certain aspects of frazen soi] 
behaviour. It emerged that strength and deformation properties could be 
characterized with the aid of a descriptive model based upon certain 
concepts which had been described in the available literature. 

Published data concerning frozen soil behaviour have been limited 


to that obtained from laboratory tests performed on reconstituted or 
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artificially prepared specimens. Chapter IJ! descri direct shear 
and creep tests which were conducted on undisturbed samples of a frozen 
silty clay. The results of these experiments have been analyzed, and 
for the most part, appear to substantiate the conceptual interrelation- 
ships established between strength and deformation processes in Chapter 
11. An attempt has also been made to identify those properties which 
will have the greatest effect on geotechnical designs involving frozen 
ground. Methods for evaluating these properties are suggested, anda 
discussion of those factors which should be considered in developing 4a 
design approach to deformation and limit equilibrium problems is given. 


Of equal importance is an understanding of the mechanical proper- 
ties and geotechnical behaviour of thawing soils. Chapter {V outlines 
thaw-related geotechnical concerns and reviews the development of a 
workable thaw-consalidation theory. The consolidation and shear strength 
characteristics of thawing permafrost soils are then discussed with 
reference to the unique stress history and macrostructure which result 
from soil freezing. Chapters V and Vi describe the results of a compre- 
hensive laboratory testing program conducted to investiaate the behaviour 
of fine-grained permafrost soils during and after thaw. Specimens used 


in these tests were obtained by drilling and. sampling at the three 


gifferent sites indicated in Figure 1.1. The surficial g 


ie) 
° 
O° 
a 
~< 
ie) 
57) 
rt 
ae 
@ 
7) 
QO 


sites, sampling equipment and procedures, core shipment, core storage, 
and sample preparation techniques are described in Appendices A and B. 
Chapter V deals with the consolidation and related properties of 


a | 


permafrost soils upon thaw. The stress-sensitive seco ndary structure 
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has been shown to dominate soi! permeability, and hence, other facets of 
consolidation behaviour. Effective stresses eon ae thaw in an un- 
drained condition ('residual stresses') have been evaluatea, and geologi- 
cal and geotechnical interpretations of these results are presented. 

The data obtained substantiate current theoretical concepts and provide 
some documentation of consolidation properties for undisturbed, fine- 
grained, permafrost soils. 

Chapter VI contains the results of a triaxial testing program con- 
ducted on these same soils. Once again, the results show that macro- 
structure has an important influence on behaviour, particularly when 
shearing proceeds under conditions where low effective stresses prevail. 
Pore pressure response to changes in:stress and the dependence of un- 
drained strength on the magnitude of residual] stress are aiso described. 
Resuits obtained were found to be in general agreement with behaviour 
observed for other similarly structured soils. 

The final chapter contains a discussion of considerations which 
should be included in planning site investigations and commencing geotech- 
nical design involving frozen or thawing soils. Definition of appropriate 
soil properties and obtaining a ciear understanding of shear strength 
and deformation behaviour are essential to this process. Conciuding 
remarks summarize the most important findings of the research described 
in this thesis. These are followed by suggestions reaarding topics for 
related ongoing research which might help to resolve some of the more 


important questions which remain. 
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Drilling and Sampling Locations 
‘O) Fort Simpson Landsiide, Mile 226 
(2) MVPL tce Variability Study Site, Norman Wells 
(3) Noell Lake Sixe 
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Figure 1.1] Map of the western part of the Canadian Arctic showing 
locations cf sites where drilling and sampling operations 
were conducted 
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CHAPTER II 


REVIEW OF GEOTECHNICAL PROPERTIES OF FROZEN SOILS 


2.1 COMPOSITION OF FROZEN GROUND 


Frozen soils are a complex multiphase system which may consist of 
as many as four distinct phases, each possessing different properties. 
These phases are: mineral particles (silicates), liquid water, ice, and 
air or other gases. Also present are several interphases, the most 
important of these being ice-silicate, ice-water, water-silicate, air- 
water, and air-ice. The interrelationships of these soil constituents 
depend upon the properties of each phase as well as external infiuences 
such as temperature and stress. 

Physical relationships between tne silicates, water, and the water- 
silicate interphase are routinely described in most basic soil mechanics 
texts (e.g. Yong and Warkentin, 1966; Wu, 1966; Lambe and Whitman, 
1969). These sources suggest that physico-chemical surface effects 
related to the size and composition of the mineral particles may have a 
considerable influence on the properties of frozen soil. Soiis with 
large specific surface areas characteristically contain significant 
percentages of clay minerals. Experimental and theoretical aspects of 
the clay-water interaction have been reviewed by several authors (Rosen- 


quist, 1959; Martin, 1962; Morgenstern, 1969). 
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is generally accepted 
that absorption of water onto silicate surfaces results in changes in 


the properties of the water in the interfacial region. Interaction 
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effects may extend outward to include films many molecular layers thick 
but little is known about the effect this has on water held at the 
silicate surface (Anderson, 1967). Nuclear magnetic resonance studies 
(ibid.) have revealed a substantial reduction in the overall freedom of 
molecuiar movement, but the bound water apparently retains the mobility 
of a two-dimensional fluid. Theoretical considerations lead to the 
concluston that the intensity of effects associated with the si licate- 


water interaction must diminish rapidly as the distance away from the 


Many cf the unique characteristics of frozen soil behaviour are 


closely related to the natlre ov these Inter aces. “For acomelete 
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summary of waier-ice phase composition, interface characteristics, and 


applicable thermodynamic relationships, the reader is referred to a 


Experimental studies have shown that excluding the vapor phase, 
water in frozen ground exists in one or more of three possible states: 
ice, strongly bound water, and liquid water, the relative proportions of 
each being dependent upon temperature (Nersesova and Tsytovich, 196 
In any frozen soil, the unfrozen water content present is principally 
determined by temperature, and for all practical purposes, is independ- 
ent of the soii's buik water content. By specifying temperature, 
controlling variables are reduced to specific surface area, nature of 
tne mineral surfaces, and pore water chemistry. Furthermore, it appears 
that the complex texture and matrix geometry characteristic of natural 
soils can be adequately approximated by determining total specific 


Surface area (Anderson and Tice, 1972). 
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Several different experimental techniques have been-used to determine 
the temperature dependence of the water phase composition in frozen 
soil. The results obtained have varied considerably. Although each 
approach involves its own inherent approximations, assumptions, and 
inaccuracies, the data obtained seem consistent when normalized with 
respect to the specific surface area. From the results of an isothermal 
calorimetric study conducted on several different soil types, Anderson 
and Tice (1972) have developed an empirical equation which re 
unfrozen water content to specific surface area and temperature. This 


soil's unfrozen water content when its 


w 


permits quantification of 
specific surface area is known or can be estimated. Phase composition 
curves constructed on the basis of this relationship indicate that the 
most significant changes in unfrozen water content occur between the 
temperatures of 0°C and -5°C. The curves then ass 
an unfrozen water content equivalent to an interfacial layer approximately 
two water molecules in thickness covering ail silicate surfaces (Anderson 
and Tice, 1973). 
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Farrar and Cofemanm (F967) fognd a2 Finear correlation b 
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atween total 
specific surface area and liquid limit for nineteen different clayey 
soils; therefore, the liquid limit may also be used to predict un- 
frozen water contents. A relationship using the liquid limit has been 
obtained by Tice earali. (1973) who indicate that unfrozen water contents 
can be determined in this manner with an accuracy sufficient for use in 
geotechnical engineering. Phase composition correlations obtained 
appear to be consistent with our current understanding of the role 

of specific surface area in relationships between clay content, ciay 


mineralogy, and soil plasticity. 
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As ice forms during soil freezing, soluble salts are excluded 
from its crystal structure, thus increasing the concentration of 
salts in the unfrozen water as the temperature decreases. This 
process enhances freezing point depression in the liquid phase and 
thereby affects the soil water phase relationship. Banin and Anderson 
(1974) have combined the equations describing salt concentration by 
the removal of water with those for freezing point depression in nor- 
mal selutions to evaluate changes in freezing point depression during 
freezing. Effects which might be anticipated under various natural 
conditions have aiso been discussed. 

Temperature hysteresis has been indicated in some unfrozen water 
content curves, Williams (1963, 1964) being the first to document this 
phenomenon. He observed differences in the apparent specific heat 
during cooiing and warming of the same soil and suggested an analouy 
with the suction-moisture content hysteresis usually found when 
porous materials are wetted and dried. His experimental resuits 
indicate a tower unfrozen water content during warming than the soi] 
had possessed at that same temperature while being cooled. Anderson 
and Morgenstern (1973) have described some of the inadequacies of 
adiabatic calorimetry (the method used by Williams) and conclude that 
the hysteresis was due to moisture content redistribution occurring 
during ice segregation. 

As soils. freeze, some ice in the soil is segregated into discrete 
lenses or veins, effectively removing that water from the influence of 
silicate surfaces. During soil warming, a longer time would then be 
required before ice melting could provide enough liquid water to 
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establish an equilibrium film thickness on the mineral particle surfaces. 
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Even then, the process is not completely reversible during warming 
because the water, having been transformed to the solid state, cannot 
melt and be redistributed until the temperature is increased to about 
-5°C. A unique physical relationship that has been established be- 
tween unfrozen water content, temperature and specific surface area, 
and it seems likely that the hysteresis observed by Williams (1963, 
1964) at warmer temperatures was at least in part reiated to the 
rapidity with which his tests were performed. It follows that lower 
water contents would be interpreted from measurements made during 
warming, but by allewing longer times for water redistribution at 
each testing stage, the influence of sample thermal history would 
have probably been much less dramatic. 

The equation defining unfrozen water content as a function of 
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second relationship which permits the evaluation of apparent specific 


heat as a temperature function for the same soil (Anderson et al., 1973). 


Inspection of the phase diagram for water indicates that at pres- 


sures and temperatures encountered in engineering and geological situa- 
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tions, ice found in frozen ground wil! be normal hexagonal ice (Tyne 


Ih). The common occurrence of this ice form in frozen ground has 


been substantiated by Anderson and Hoekstra (1965). Ice crystals with- 


é é 


in lenses are usuaily elongated in the direction that heat flowed 
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Guring freezing with the c-axes being oriented randomly in a plane 

orthogonai to the direction of growth (Penner, 1961; Osterkamp, 

The properties of ice are responsible for several aspects of unique 
& 


behavion that Charaeterize frozen. soilis. Their wiscoplastic 


strength and deformation properties can be attributed largely to the 
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presence of an ice matrix and ice cementation bonds. Changes in tem~ 
perature alter the phase composition of water in frozen soils, and 
this in turn controls the degree of ice cementation and total ice 
content. The amount of unfrozen water therefore emerges as an impor- 
tant quantity in terms of its effects on mechanical and thermal prop- 
erties. Furthermore, ice phase properties are also temperature 
dependent. Interaction between the soil mineral skeleton and ice in 


frozen soil will be discussed in subsequent sections. 


2.2 DEFORMATIONS IN ICE 


The rheologicai characteristics of frozen soils are a direct 
result of the presence of ice as a matrix or internal bonding agent. 
Grsin-to-grain contact lias afi infiuence on soii behaviour, but in ice- 
rich materiais, a significant portion of the particles are completely 
separated from each other by ice. With ice present as pore cement 
or discrete veins, ice phase behaviour will probably dominate any 
load-deformation relationships determined for frozen soil. Studies of 
creep in ice are therefore a useful starting point in the development 


of 


appropriate stress-strain relationships for frozen soils. 
Measurements of ice deformation rates have been made under widely 
differing conditions and with various ice types. Early researchers 
assumed that ice would behave as a simple Newtonian viscous material, 
SO that at any given temperature, strain rate would be linked to 
stress by a constant coefficient of viscosity (Hobbs, 1974). Attempts 


to determine this coefficient led to results which varied by as much 


@s six orders of magnitude. From these data, it was apparent that ice 
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was a non-Newtonian material; therefore an examination of deformation 
mechanisms was required. Before theoretical models could be developed 


for use in analyses, a meaningful constitutive relationship had to be 


Laboratory studies 


Glen (1952, 1955) was one of the first to perform comprehensive, 
temperature-controlied laboratory creep tests by subjecting randomly 
oriented polycrystalline ice to uniaxial compression. He observed 
a rheological response with the ice undergoira a smal! instantaneous 
deformation (elastic strain) at the outset and centinuing to deform 
at a rate that gradually decreased with time (transient or primary 
creep). With the sufficient passage of time, a steady creep rate was 
usually obtained (stationary or secondary creep). Under higher stresses, 
this eventually gave way to reacceleration and ultimately, failure. 
Since ice is a crystalline material, its deformation behaviour can 
probably be described with phenomenological models similar to those 
used in creep theories for metals. Typical developments using this 
approach can be found in any one of several basic textbooks dealing 
with the subject (e.g. Hult, 1966; Odquist, 1966). 

Experimental studies on a wide variety of materials indicate that 
at a low to moderate stress level, a simple power law adequately 
describes the dependence of steady state creep rates upon the applied 


Stress (Ladanyi, 1972). Within this framework, Glen (1952, 1955) 
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developed a flow Jaw for polycrystalline ice in simple compression 


that took the form: 
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SA aoe RG? (2.1) 
S 
where Ee denotes axial strain rate, 
fe) denotes axial stress, 
A is constant for a given temperature and ice type, and 
n is an exponent approximately equal tc 4 (when the 


experimental results were corrected for transient 
effects) 
Slight curvature of the log € versus tog © curve suggested that the 
exponent, n; might actually increase shightiy at higher stress levels. 
Although true steady state conditions were established in few, if 
any of his tests, Glen's (1955) early work was 2 point of departure 


. His tests were conducted at 


Q. 


for the many studies that followe 


engineering and field glaciology. Creep measurements at lower stresses 
were attempted by Butkovich and Landauer (1959, 1960). Their results 
Suggested that linearly viscous behaviour was dominant for low stress 
conditions with temperatures near the melting point. Combining these 


data with his own field results, Meier (1960) suggested that a reduc- 


tion in the power law exponent, n, would be appropriate with decrea 
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Stress. At these lower stresses (i.e. those jess than 50 kN/m*), it 


ct 


was indicated that the relationship given in Equation 2.1 was no 


adequate to describe all of the data. An alternate flow Jaw proposed 
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to embrace the non-linear behaviour took the form: 
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where 

while, 

nts constant at approximately 4.5. 
Butkovich and Landauer 
an exponent equal to 3 for the higher stress range. 
(1967) extrapolated results from their creep tests on snow 
pee; dens ity of: 0.917 eae 


general 


A flow law of the form given by Equation 2.2 lends 


Mellor and 


and obtained a two-term flow itaw that, 


terms, agreed with the results of previous workers. 
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A and B are constant for a given ice type and temperature, 


(1960) found a similar flow law and suggested 


Smith 


[CemeOmain 


in 


support to 


Meier's suggestion that two separate mechanisms could be responsible 


far deformations. triiace.,. From the, data avaitable at that 
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concluded that at temperatures near the melting pcint, 


viscous at)-low stresses. Barnes and Tabor (1966) observed 


change in the indentation hardness of ice fo: 


suggested by Glen (1955) 


satisfactory and comprehensive flow law for ice. 


time, he 


ice was linearly 


a rapid 


lt would seem that at these temperatures, experimental methods 
could not be reliabiy employed to obtain a 


Dillen and Anders- 


land (1967) combined available data that encompassed a wide stress 


range and concluded that 


to separate regions of high and low stress. Their 


eventually recovering an equetion for higher stresses 


lent to Glen's power law. 


agreement with the flow law proposed by Meier (1960). 
Studies by Mellor and Testa (1969a) 
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temperature than might have been anticipated from Glen's earlier work 
(1955). A companion paper (Mellor and Testa, 1969b) has attracted 
considerable interest since the results of long term, low-stress ‘tests 
suggest a power law relationship with an exponent of 1.8. These results 
were combined with data from Mellor and Smith (1967) and Mellor and 
Testa (1969a) to develop a composite curve which embraced a much wider 
range of stresses. The derived curve indicates an increase in the power 


law exponent as stress Is increased. 
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Mellor and Testa (1969b) have qualified conclusions by 


pointing out that their test data for the tow stress range do not conclus- 
ively establish a flow law. Due to slower strain rates cbserved in 
their long-term tests, they criticize earlier laboratory studies on the 
basis of premature termination where steady state creep had been assumed 

if i 
Weertman (1969) in 


to have been established within a few hours or day 


~ 
(o>) 
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turn, refuted Mellor and Testa's claim that steady state creep rates had 
been established in their tests by arguing that true steady state creep 
rates should be obtained over a 10% interval of strain. The slowest 
rate that could then be reliably measured in a year-long laboratory test 
would be of order 10. sees Weertman and Mellor and Testa were acutely 
aware of the experimental difficulties associated with obtaining second- 
ary creep rates under conditions of low stress and near~melting temper- 
atures. At the same time, Weertman's suagested standard of 10% strain 
appears to be somewhat arbitrary and a physical basis has not been 
presented. Mellor (1969) in reply, stated that the exact form of the 
dependence of creep rate on stress is of less interest than the import- 


ance of his finding that ice does not behave in a Newtonian manner at 
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low stresses. Mellor and Testa's (1969b) reported strain rates may not 
necessarily be correct but they do represent an upper bound and therefore 
provide a better approximation of actual steady-state creep rates than 
those previously available. The conclusion to be derived from these 
studies is that classical laboratory creep tests are probably not pract- 
ical if axial stresses of less than 50 to 100 ine i? ton Sensi) care bo 
be used. 

More recently, Colbeck and Evans (1973) have reported a flow law 
based on the results of polycrystalline ice tested in compression at the 
pressure melting point. Their equation takes the form: 


€ = Ac’ + Bo? + Co? 
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ll order of magnitude 
faster than those observed by Meier (1960) or Mellor and Testa {(1969b) 
under similar stresses. In view of the small total creep strains ana 
relatively short test durations reported for this study (200 hr. max- 
imum), Colbeck and Evans! (1973) results should probably be regarded 
with caution. Concern has been expressed that some of Glen's (1955) 
measurements were also inappropriate for secondary creep rate evaluation 
Since reported values were often obtained from the brief creep interval 
separating the primary and tertiary stages. Budd (1969)! has indicated 
that at higher stresses, creep rates obtained in short duration tests do 


not differ significantiy from those determined in longer tests at the 


Referring to conclusions drawn by Voitkovski (1960) 
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same stress level. Voitkovski's (1960) experimental work suggests that 
for stresses below a certain limiting value, steady state creep can 
apparently continue over lengthy periods of time (erg. at 100 kNyn-, - 
1°C, a constant rate was observed over 5000 ilimolh > 

Barnes St ois (1971) have conducted a comprehensive study of the 
creep behaviour of polycrystalline ice. Following the approach taken by 
Glen (1955) to distinguish transient effects, they have assumed that 
total deformation can be described by the superposition of the independent 
processes of elastic straining, transient, and steady state creep. The 


equation for creep strain is then given by: 


Hf 
=e tet te eee (2.4) 
fe) S 
where Ee denotes the instentaneous elastic strain, 
O 
E spo ee ety 3 Peet 
3) denotes an appropriate constant (with Bt Gav aie Eine 
transient creep), and 
€ denotes the steady state creep rate. 


Ss 
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Using this equation, Barnes et al. (1971) then assumed that the steady 


state creep rate could be obtained from low stress tests even though 
creep strains throughout the test were dominated by transient processes. 
On this basis, secondary creep rates were obtained for a wide range of 
temperatures and applied stresses. 

Glen (1955) was the first to suggest that am Arrhenius-type of 
equation could be used to describe ice creep over a limited range of 
Stress. This equation differs from Equation 2.1 by including temper- 


ature effects and takes the form: 
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2 a Ato" Exp 20) (2.5) 
where Q denotes the activation energy, 

R denotes the gas constant, and 

T denotes the absolute temperature. 


The constant, A, in Equation 2.1 has been replaced here by 


ee n 
A' exp (oe) . It is clear that if €_ were proportional to o , a plot of 


log O- against iog om would produce a straight line with a slope of n. 


(1971> found this ‘te be the case for stresses of less than 


— 
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Barnes et a 


y #2 sx * . . s A 
1 MN/m~” (150 psi) and obtained an exponent approximately equal to 3. At 
higher stresses, the exponent apprcached @ value of 5 so they proposed a 


hyperbolic sine expression to describe the creep behaviour over a broad 


stress range. This new relationship is given by: 


4 : n 2 
EO AAs inhaa)y, , ep 20 (2:6) 
Ss Ri 
where A' and a' are new constants and the other symbols retain their 


meanings from above. 
Most of the laboratory creep tests described above were conductea 


in the stress range of 10% enim to 10" kN/n 


2 
fall outside the range of stresses and strain rates apolicable to geo- 
technical engineering and studies of glacier flow. A summary of pertin- 
ent laboratory studies, including some not discussed above, appears in 
Table 2.1. This synthesis leads to the conclusion that for stresses in 


2 bi ps aah 
the 10° to 10° kN/m™ (15 to 1500 psi) range, an exponent of approximately 


ios consistent with the feliable test data. 
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Field studies 
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The general applicability of a flow law derived from laboratory 
test results can be assessed by substituting that reiationship into an 
appropriate model and comparing predicted results with field flow rates 
measured in glaciers and ice shelves. Some of the uncertainties assoc- 
iated with this approach are listed below: 

1) The laboratory flow law is one-dimensional! and experimental] 

verification of its generalization to three dimensions has not 

yet been obtained. 
2) Simplistic models of giacier and ice-shelf behaviour seldom 


. 
! 


incorporate appropriate non-uniformities of stress, longi- 


=e 


tudinal strain, cor ice density. 


3) Boundary condithons are difficelt to-establish with confidence 
when basal sliding, bed undulations, fiow constriction, sheif 
grounding.and edge effects are to be included-in the analysis. 


Ice bodies deforming naturally, in response to self-weight gravity 


Stresses, have been the subject of numerous studies. Researchers have 


gradient of horizontal velocity, borehole and tunnel closure rates, and 
ice surface velocities. A widely used technique has been the measurement 
of time changes in slope of boreholes initially drilled vertically into 
glacier ice. Nye (1957) reinterpreted an earlier analysis of data from 
the Jungfraufirn berehoie experiment (Nye, 1953), the results of which 


were originally reported by Gerrard et 2 (1952). The basic assumption 
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of laminar flow was checked against field observations of ice movement. 
From this, it was concluded that deformation data gathered from the 
upper portion of these profiles were unreliable. Borehole inclination 
changes could not be uniquely attributed to shear strain and, as a 
result, it was not possible to deduce a flow law for ice directly from 
the field data. Substituting Glen's power law with an exponent of 4.2 
did yield a velocity profile that compared well with the one obtained by 
including effects for estimated longitudinal strains. In the case of 
the Jungfraufirn results, accounting for the effects of longitudinal 
extension reduced the apparent power law coefficient from the value 
which had been calculated previously by using a simple laminar flow 
analysis. 

Meier (1960) has assembled his cbservations of vertical and trans- 
verse velacity profiles from the Saskatchewan glacier with field and 
laboratory data from several other sources. By inferring stresses and 
relating them to strain rates deduced from borehole velocity profiles, 
he obtained a flow law for glacier ice, the form of which was given 
earlier as Equation 2.2. These data suggest that the flow law derived 
by Glen (1955) with Andrade's law used to separate transient effects is, 
in part, consistent with field behaviour (exponent equal to 4). A 
discrepancy was indicated at lower stresses, even after attempting to 
account for the effects of longitudinal strain using the approach 
described by Nye (1957). The form of Meier's flow law is more complex 
than the simple power law (Equation 2.1) and to explain this, he has 


Suggested that two mechanisms of flow probably operate simultaneously in 


polycrystalline ice that sustain deformation: 
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1) Newtonian viscous flow due to grain boundary sliding. 
2) Power law, steady state flow due to intracrystalline gliding 
by dislocation climb. 

lt would appear that Glen's equation for creep may not apply at low 
Stresses; that is, for ‘effective’ stresses of less than approximately 
70 to 100 NAVA (10 to 15 psi). It should be noted, however, that at 
these same low stresses, the potential for error in analyzing Meier's 
field data is large. This shortcoming is confirmed both by -the author's 
expression of uncertainty and by the considerable scatter evident in his 


field data. .Budd (1969) has summarized-results from several boreholes 


in colder, polar glaciers, including deformation measurements for the 

: ’ ia ; ae 
Tuto ice ramp _in Greenland, but these are ali subject to the same 
interpretive difficulties. 

Interpretation of borehole velocity measurements by using a simpie 
laminar flow analyses becomes more camplex when attempts are made ta 
account for longitudinal stresses and strains. Bata for the Athabasca 
Glacier given by Paterson and Savage (1963) are in general agreement 


with Meier's results, but similarly 


rao 


exhibit significant scatter in the 
low stress range. 

Inclinometer surveys of several boreholes in the Blue Glacier have 
been conducted by Shreve and Sharp (1970) ‘to investigate.the flow law 
for ice at depth. Their study indicates reasonable correspondence 
between the field cata and a flow law of the form suggested by Glen 


(1955). Raymond (1973) has developed methods to more accurately evaluate 


—— + ee 


Data obtained from a report by Wilson (1959) 
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the three-dimensional distribution of velocity in a valley glacier. 
These techniques have been applied to measurements of internal deforma- 
tion in the Athabasca Glacier which differed significantly from the 
theoretical distributions derived by Nye (1965). Raymond's interpreta- 
tion of the field data supports the validity of extrapolating the flow 
law derived from Glen's (1955) experiments (i.e. n = 4 for temperatures 
near the melting point) to ‘effective! stresses as low as 50 algae (7.5 
psi). Deformations obtained at lower stresses (i.e. near the glacier 
surface) were found to be completely anomalous. It was therefore not 
possible to establish the lower limit of applicability of the fiow law 
described by Soiteaseen 2.1. Raymond's analysis demonstrates the necessity 
of correcting the results of creep experiments performed at low stresses 
to account for transient effects. His work has shown that measured 
rates of giacier flow were incompatible with Glen's relationship between 
minimum creep rate and stress. 

The difficulty and importance of distinguishing between true steady 
state creep and transient creep in laboratory tests conducted at low 
stress has been emphasized by various workers inciuding Glen (1950), 
Mellor and Testa (1969b), Weertman (1969), and Barnes et wala 1971). 
Furthermore, it is apparent that attempts to evaluate flow rates corres- 
ponding to low stress conditions in natural ice masses have been hindered 
by the use of over-simplified theoretical models and an inability to 
obtain all of the relevant field data. Certain researchers have sugges- 
is 


ted that Newtonian or near-Newtonian viscous flow prevails at low stresses 


(e.g. Meier, 1960; Mellor and Testa, 1969b). However, the apparent 


inaccuracies associated with these studies are such that conclusions 
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extracted directly from the data should be regarded with caution. 
Thomas (1971, 1973a, 1973b) has eliminated many of the uncertainties 
that accompany interpretation of movements in terrestrial glaciers by 
considering the deformation behaviour of floating ice shelves. These 
simplest of natural ice bodies rest upon a frictionless bed, have wel} 
defined boundary conditions at the upper and lower surfaces, and are 
distinguished by stress conditions that remain uniform over considerable 
distances. Equations derived to describe the creep of an ice-shelf 
(Thomas, 1973a) have been used to interpret available data on ice-shelf 
deformation (Thomas, 1973b). Good agreement was found between these 
field measurements and an extrapolation of the results of a previous 
laboratory study conducted at higher stress levels (Barnes etn ie 
1971). 

Due to the extremely low strain rates involved, laboratory tests at 
stresses of less than about 100 vane (15 psi) are very time consumina 
and have questionable reliability. With information derived from field 
glaciology, Thomas (1973b) has provided an important extension to our 
knowledge of the fiow jiaw for ice at low stresses. His interpretation 
of the data suggests that with an exponent of about 3, a generalized 
Flow law of the form given by Equation 2.1 is applicable for the 40 to 
1000 ae (5 to 150 psi) stress range and may extend to stresses o 
less than 10 hae (] pst). The ice shelves studied had average tempera- 
tures of -6°C to -16°C so it remains. to be determined whether this flow 
law generalization can be applied directly to ice deformations occurring 


at temperatures closer to the melting point. 
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Table 2.2 presents a summary of ice flow under field conditions. 

The field and laboratory observations described above have been assembled 
and plotted in Figure 2.1 as ‘effective’ shear stress against '‘effective' 
shear strain rate (as defined by Nye, 1953). In summary, the following 
conclusions emerge from the data: 

1) Difficulties in eliminating transient effects within reason- 
able periods of time render low stress laboratory creep tests 
impractical. 

2) The necessity of including realistic field geometry and stress 
nonuniformities renders the interpretation of glacier flow 
from borehole velocity measurements a comptex exercise in 
applied mechanics. 

3) Adoption of a complex flow law does not seem justified since 


both field and laboratory data support G 


Lad 


tionships, with an exponent of to 4 apparently being applic- 
Be agree a 
able for stresses as low as 20 to 50 kN/m (3 to 7 psi). 
9) Certain data describing creep under low stress suggest New- 


tonian viscous flow at temperatures near O°C, but deformation 


mechanisms under these conditions have not been well! defined. 


The preceding should not be construed as an attempt to present a 
complete review of the literature dealing with the creep of ice. Rather, 
its intent has been to describe briefly the status of current knowledge 
pertaining to its flow behaviour. Emphasis has been piaced on those 
features which bear on the development of a constitutive relationship 


ror ice which could be applied to the solution of certain geotechnical 
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problems. More detailed accounts can be found in recent papers by Budd 
(1969), Weertman (1972), and Langdon (1972). Extensive reviews of the 
literature are also given in Colbeck's thesis (1970) and a treatise 


authored by Hobbs (1974). 


Analysis of data 


Glen (1955) realized that the steady state creep rate ultimately 
obtained for a given stress might be considerably less than the minimum 
rate observed in a test of relatively short duration. To interpret his 
test results, the assumption was made that attenuating creep could be 
described by Andrade's one-third law. Transient and steady state 
components were then separated on this basis with the strain at any time 


being aiven hy: 


where 8 is a constant that depends on stress and temperature. 

In a similar analysis, Barnes et al. (1971) employed the Cottrell- 
Aytekin equation with the implicit assumption that elastic strains and 
those resulting from the independent processes of transient and steady 
state creep could be superimposed to give the total strain. Equation 
2.4 then describes strain with time and shows that transient creep will 
dominate at small times while steady state conditions are approached 
asymptotically as the test progresses. Creep curves typical of their 


laboratory data are illustrated in Figure 2.2. Curves |, II and I11 
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2] 
correspond respectively to constant temperature flow unger high, mod- 
erate, and low stresses. Under favourable conditions, four distinct 
regions characterize each of the creep curves. Curve I! for moderate 
stress shows these regions most clearly: 

1) Instantaneous elastic strain (OA). 

2) Creep dominated by transient processes (AB). 

3) Creep in an essentially steady state mode (BC). 

4) Acceleration to tertiary creep; continuing to failure (CD). 

Secondary creep is suppressed at higher stresses (Curve f) while at 
low stresses, creep behaviour in this time interva! is dominated almost 
entirely by transient processes (Curve I1!1). For the tests which gave 
the type of results depicted by Curve I!1, steady state conditions were 
not established, even after test durations of up to 100 days. Similarty, 
for samples under low stress in Glen's (1955) experimental study, the 
transient creep still dominated deformations at the time the tests were 
terminated. Agreement with the Andrade law was not always perfect; 
nevertheless, its application apparently allowed a better estimate of 
steady state creep rates. 

To obtain better agreement with experimental data, the transient 
term in Equation 2.4 can be generalized to parabolic form so the equa- 


tion then becomes: 
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where m is an experimentally determined exponent. 
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Differentiating Equation 2.8 with respect to time gives: 


de F a 
— = € = At +B (2.9) 
dt 
where A is a constant equal to 8m, 
a is an exponent equal to m-l, and 
B is a constant equal to Co. the steady state creep rate. 


By continuously determining strain rate throughout a creep test, the 
constants A, a and B can be determined from a plot of log € against log 
t. With these terms known, Equation 2.9 can then describe both the 
transient and steady. state creep processes. Furthermore, 8, m and € 
can be obtained for substitution into equation 2.8. Fiqure 2.3 shows 
data from an idealized creep test plotted in the format suggested by 
Equation 2.9 

As steady state conditions are approached, the direct calcu 
of strain rate becomes increasingly sensitive to experimental error, 
temperature fluctuation, and the accuracy of the deformation measure- 
ments. The approach described above might also be used solely to deter- 


ranstent and 


ct 


mine the transient creep parameters. By subtracting 
elastic strains from measured total strains, the remaining strain can be 
SY gk . P . . - ; 
plotted against time to obtain an estimate of the steady state creep 
rate, € . This procedure makes the implicit assumption that transient 
3 
and steady state creep commence at the time of stress application and 


occur simultaneously thereafter. Weertman (1969, 1972) has questioned 


the validity of superpasition during the early stages of creep and 
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suggests that it may be necessary to reach some finite strain (ep 10%) 
before the steady state deformation process has been fully established. 
His suggestion has not been supported by experimental data. 

In the interest of obtaining a better estimate of steady state 
creep rates from laboratory tests, it seems reasonable to tentatively 
accept the assumption of superposition of strains until the whole matter 
is adequately resolved. It should be noted that transient creep constants 
can.also be obtained from a plot of log € against log t but the influence 
of initial elastic strain and choice of origin can interfere with linear- 
ity. For the sake of simpticity, usetor the method employing a plat of 
log strain rate against log time is recommended. Even if data presented 
in this manner are not used to evaluate the transient component of 
creep, it does provide a convenient means of determining whether or not 
steady state conditions have been obtained in a particular test. 

To obtain strain rate as a function of time, numerical differen- 
tiation can be performed on a smooth curve fitted through the experi- 
mental time-strain data. By now, it should be apparent that deformations 
measured in the early stages of a creep test are most important to the 
transient analysis since they will be least affected by other creep 
processes at that time. Similarly, it is of -interest to re-examine the 


low stress creep data obtained by Mellor and Testa (13969b). Their 


published data’ is shown in Figures 2.4, 2.5 and 2.6. In each case, it 
would appear that # straight line could be fitted to the later stages of 
these curves to define an apparent steady state creep rate. Their time- 


displacement curves have been digitized and differentiated numerically 


to facilitate examination. of the relative contributions of transient and 
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steady state creep. . Figure 2.7 summarizes the analysis of data from the 
first load Stages lt was*not possible to determine: the early time- 
displacement data with much accuracy but the continued linearity of tne 
log € versus log t curve indicates that transient creep processes were 
still dominant in these tests at elapsed times of 15 days. There is 
remarkable agreement between results obtained from each of the three 
different tests. 


An analysis of data from the second load stage was ormed 


th 
3 
= 
Cc 


HE FOSip 
since deformations occurring during more than half of that test period 
consisted of relaxation response. Data given are not suffi 
confirm that steady state creep conditions were established during this 
load stage. 

To be completely rigorous, the relationships given previously to 
describe transient creep should only be applied to data from the first 
load stage in a multi-stage creep test. However, the results of the 
third load stage are still of interest when examined in this manner. 
Transient creep constants A and a (from Equation 2.9) which could be 
derived from the data in Figure 2.8 would obviously have no meaning. 

This form of presentation indicates that steady state creep may have 

been established in two of the tests by the time 20,000 to 30,000 minutes 
had elapsed. Although Mellor and Testa (!1969b) have pointed cut the 
necessity for long test durations under low stress conditions, their 
conclusion that true steady state strain rates would not be significantly 
Jess than their experimentally determined values is apparently without 
basis. Strain rates obtained in*the third load stage are in reasonable 


agreement with the asympototic value indicated in Figure 2.8, but effects 
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due to stage loading are not known. Primary creep constants obtained 
for the first load stage were similar for each of the three different 
tests. “In addition ‘to the simple methods discussed in the preceeding, a 
complete review of numerical methods for the analysis of creep data is 
given by Conway (1967). {It should be noted that use of the procedures 
discussed above has been confined to conditions of uniform stress and 
temperature. Phenomenological description of the effects which changing 
stress and temperature have on material behaviour involves the use of 


equations which assume more complex and unwieldy forms. 


Flow mechanisms 


Langdon (1972) has reviewed various deformation processes which 
could possibly contribute to the creep of polycrystalline ice. Although 
a precise rate-controlling mechanism has not been identified, steady 
state creep rates are apparently proportional to stress raised to a 
power of 3 or more. He concludes that while the creep behaviour of ice 
compares welj with that observed for hexagonal close-packed metals, 
existing creep theories are not sufficiently detailed to be reliable in 
a predictive capacity. Weertman (1972) has reviewed the same data 
sources with respect to dislocation mechanics and concludes that the 
Nabarro-Herring theory of diffusional creep is capable of accounting for 
the cubic power law that apparently describes: steady state creep for 
both polycrystalline ice and single crystals in hard glide. . Furthermore, 
he dismisses the idea of near-Newtonian creep at low stresses by pointing 


out that at the small total strains obtained in these tests, the disloca- 
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tion density probably does not reach a steady state value compatible 
with the applied stress. 

Creep deformations reflect changes in the dislocation structure 
over theccpursecofr times: tm primarycor transient: creep>, these: sub- 
structures develop in response to the applied stress and remain es- 
sentially unchanged once steady state conditions have been established. 
Steady-state creep behaviour may be somewhat temperature dependent. [ni 
Many cases, creep deformations are thought to be a thermally activated 
process, and as such, can be described by an Arrhenius-type relationship 
like the one given in Equation 2.5. Both Glen (1955) and Steinemann 
(1958) have used this sort of relationship to describe steady state 


creep over a limited stress range. Barnes et al. (1971) found that the 


hyperbolic sine term in equation 2.6 previded a more effective descrip- 
tion of their experimental results. Data from the low stress regions of 
these studies is of more interest in its application to problems being 
considered in this thesis, so it seems probable that equation 2.5 
adequately expresses the temperature dependence of creep rates. 

Values of creep activiation energies measured for ice have been 
summarized by Weertman (1972). Apparent activation energies determined 
from creep data range from 10 to 100 kcal/mole with a reasonably con- 
sistent value of 14 kcal/mole obtained at ice temperatures below -10°C. 
Higher values are reported at warmer temperatures where it seems pos- 
sible that recrysta!lization and grain growth have accelerated the creep 
rate. Weertman (1972) indicates that anomalously high activation ener- 


gies reported for ice at temperatures warmer than -10°C should be re- 


garded as suspect until experiments have been conducted with single 
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crystals at these same warmer temperatures. Studies conducted with 
monocrystals would eliminate any effects associated with movement along 
grain boundaries. 

It could be anticipated that creep activation energy might be 
approximately equal to the self-diffusion activation energy, and for 
temperatures cooler than -8°C or -l10°C, available data suggest that this 
is the case (Weertman, 1972). Barnes et ai. (1971) have attributed 
agreement at colder temperatures to the dominance of intragranular creep 
processes (controlled by basal glide of dislocations) over dislocation 
climb. 

At temperatures warmer than -10°C, indentation hardness tests 
indicate that for polycrystalline ice, softening is accompanied by a 
rise in the apparent activation energy. However, Mellor and Testa 
(1969a) do not feel that single crystals exhibit this same sort of 
behaviour. The basis for extending this conclusion to near-melting 
conditions is not clear since the warmest temperature they have plotted 
for tests on monocrystals is -11.9°C (their Figure 3). Measured. creep 


rates for polycrystalline ice at these warmer temperatures are stil! 


slower than those observed for basal planes in single crystals, but the 
two rates converge rapidiy as the melting point is approached. The 
softening mechanism is probably associated with processes occurring at 
the grain boundaries. In any case, arguments based upon increased 
activation energy as an explanation for anomalous behaviour are weak. 
Liquid-iike films are known to exist in ice, both on the surface 


and at crystal boundaries (Drost-Hansen, 1967; Jellinek, 1967). Further- 


more, Hobbs (1974) has described fillets of water occupying the triple 
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junetions ef grain boundaries in warm ice and gives substantive physical 
arguments te account for their presence. Although these fillets have 
been observed at temperatures as cold as =10° 0} sti Prexistence under 
eolder conditions has not yet been satisfactorily explained. Impurities 
centrated by selective exelusion during ice formation are one possible 


explanation for the presence of intergranular liquid. Barnes et al. 
(1971) have shown that these films are not usually thick enough to make 
a significant contribution to grain boundary sliding and conclude that 
eyen with these liquid-like layers, deformation will be primarily due to 
intragranular ereep. Non-uniform stresses develop at the boundaries of 


intimately interlocked grains so that ¢ 


‘Q 
(> 


formation would be accompanied 
by inereased stresses at the triple junctions. !f tiguid is present at 


these junetions, ice defermation will eccur more easily. Grain boundary 


sliding and the presenee of liguid en the grain surfaces wil! then give 
rise to deformation. From this, it emerges that ereep activation ener=- 


gies eemputed from the deformation of poelyerystalline ice at warm temper- 
atures will have no real significanee since they eannot be attributed to 


a single ereep precess. I{t is wel] known that when two independent 


precesses produce ereep, the faster ef these two will centreit the deform- 


atien rate, elf “each precess vhas a different setivation ‘energy, the 
ebserved activation energy fer creep will ehange with temperature, 
increasing as the temperature does, 

At temperatures nearing the melting point, measured flow rates 
exceed those estimated from an extrapolation of ereep data obtained at 


colder temperatures. At higher stress levels, pressure melting can 


occur at grain boundaries and further accelerate the deformation pro- 


ee 


dime eee at Lanied aa ane! Satredton 
evan goqht wetath same “a 


4 atiw bode j PT Woe ea: ee 

‘yl mt Porenty) ee sree | wld. 
iiiestg: Bootes ours re 
he dyn? acne f: 4 tent adh wits cals: ‘yi: aie" eee Oy ona: 

Re ee wie pie sed a ib dat ‘a wens. tate reer at 
Peg SRR KS ecmm” pik dnl t 287 SOR, nietp aoa nes dae bade” sito Sagan 
230d RR seh g ob Ti Te tacaneeie gies Savi ae OTe kunt > ea ite 282 ae neh 


rokeel sabaws Tae 2a4 te eee eneed 92. o ou wv Siyte . . ayaavdy. se bRepann : 


els Re Eig Sees? Pat po rae corr igsctaviok edad Pale nen) ek. Sedo igdire- vietuiten 


4 


; 7 ho - P : o rie : a 
(jp roweenrren ) ear apt Pea 2m aren OT 78 feet HE ree i ie ssesqeontegd 
sm iccrd. idaki ed eta part ye Att lav geet Se ei Se 


Va oor porn « RO) exten y bad Ngee eS hy He oe s3¢ an “on 
ae a i onvi ds oh ‘An ae oO pi ah oi rk TEE EE 4 

scares ciel. 0G Soe Loe es Ora el ay 98-10 wsvee fang? hay Huang - we 
9 ose 7 kt Late Fee ae RES iugewian BRD | er | 


g 

rs 
-_ 
a 
od 

be 


pis aaa etied nae Osea ity. Feat eee ob act & ivi 3a 


* , n iy ee : “a Lo 2 i oe’ ein 
hibvawg ceed 4tbaiqig ovelt 6 rekon) ot cea 


hy | | ut) 
he a Serle PINE Pages epee } sth Te diets 4 aay. pe He 


Lan 
wef a 


eh RNY SS ED Pia Setens tts Licgiesin 2 184 hens Oar 


Ce Set Se Ae Pe of et meni ee nes 
‘See vee | id anne iieaa Ntsc suis itis 


ee Lee | steele Tt at aihegrs” sol i srt trys 


nie gh ig betu Sie ye: saleate -ieie snag ind poo 
~raly Poet Serre tren wate a tt ‘ou 


a5 


cess. In addition to this, recrystallization can produce preferentially 


oriented crystals with their basal planes aligned paraltel to the di- 


rection of shear. Such an arrangement would result in faster flow 


rates, the ice being oriented in easy glide. 


All of the above leads to the conclusion that, at present, there 


exists no physical evidence suggesting an equation more complex than a 


simple’ power law to relate strain rate to stress. Convincing agreement 


has been obtained between ice-shelf flow rates and those extrapolated 


from an Arrhenius-type equation using an exponent of 3 to 4 with constants 


obtained from laboratory creep tests. Bilinear relationships such 


Equation 2.2. lack credibility since they have been fitted, in part, 


stress data obtained from either misinterpreted laboratory results 


grossly oversimplified englacial stress conditions. 


2.3 DEFORMATIONS IN FROZEN GROUND 


The preceding observations have important implications in the 


application of ice flow rate data to problems in geotechnical engineer- 


ing. McRoberts (1975) has fitted a bilinear equation to a portion 


the published secondary creep data for ice, and suggests that since ice 


as 


oF 


forms a significant component of permafrost soiis, its behaviour will 


serve aS a reasonable guide to creep in frozen ground. He has made no 


comment concerning the reliebility of secondary creep data synthesized 


in his flow law. A comparison of the ice flow law with laboratory and 


field data for frozen soils indicates that certain soils may creep 


faster tnan ice would at a similar temperature and stress level. 
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In the Tuto ice tunnel, Swinzow (1962) observed that closure rates 
for a band of silty ice were faster than for adjacent clear ice, while 
the opposite effect was noted for a dirty band containing pebbles and 
fragments of rock. A subsequent laboratory study by Hocke et al. 

(1972) determined that in some cases, creep rates in ice containing low 
concentrations of sand were actually higher than creep rates for clear 
ice. At higher concentrations, the creep rate decreased exponential ly 
with an increasing volume fraction of sand. If creep rates can be 
increased by the presence of soil in the ice matrix, then a flow law for 
ice may weil not constitute a limiting condition for deformation rates 


und. tce creep data used by McRoberts (1975) has been 
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derived from tests conducted at temperatures ranging from -} to -5°C. 
He has also suggested that since confining pressure wou!d probably 
nist) observed strain rates, omission of its effect wouid leave the 


ice flow iaw as an upper bound for load-deformation benaviour. 


Laboratory studies 


In the first major published work dealing with deformations in 
frozen ground, Vialov (1959) hypothesized a relationship between the 
steady state strain rate and stress which takes the same genera! form as 
Equation 2.1. {tn his equation, the stress used has been redefined as 
the difference between the applied stress and the soil's long term 
Strength. he has noted that if the applied shear stress is less than 
this strength, creep deformations wil} attenuate with time. Tne applica- 


tion of superposition principles to creep deformations in frozen soils 
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has been advocated, it being a common practice in the mathematical 
treatment of creep in metals. Vialov aiso observed tnat his experimental 
data, obtained in a variety of test configurations, was dominated by 
transient creep processes. 

His second major work (Vialov, 1962) has identified a specific 
threshold stress (equal to the long term strength) which must be exceeded 
for a process of steady state creep to be initiated and sustained. 
Deformations have been separated into three componenis, each associated 
with a different mechanism: 

Winesetdias tic astyaaar 

Pies Lransient ereep. 

3), Steady state creep. 

He has described an empirical method that reduces to a generalized 


Flow law in 


cr 


erms of 
a long term strength of zero, Vialov (1962) has qualitatively explained 
behavioural differences observed for soils which possess dissimi iar 
cryogenic structures. It was found that materials with massive structure 
(see Figure 4.6) exhibited greater long term strengths than those having 
a reticulate structure. The opposite was often observed in tests with 
shorter times to failure, which reflected tne highly rate-dependent 
contribution which the ice matrix makes to soil strength. Experimental 
procedures and test equipment used in this study have been described in 
reasonable detail. Vialov's experimental studies (1959, 1962) were, 
however, limited to tests performed on artificially frozen soils deform- 
ing under relatively high stresses and at fast strain rates. The flow 


law exponents obtained in these tests were apparently insensitive to 
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temperature and ranged from 3.5 to 3.7. Very few tests were reported 
for temperatures warmer than -5°C. 

Sanger and Kaplar (1963) have summarized early laboratory studies 
carried out at CRREL. Although these were short duration, high stress 
tests, the authors developed a model for frozen soil behaviour that was 
based on the concept of an isothermal time-stress-strain surface. 
Strain rate dependence on ice content has been documented with a par- 
ticular stress apparently producing the fastest strain rate at a volu- 
Metric ice £0 Sori “ratio of M75. 


Recognizing stress, temperature, and soil structure as the chief 


variables affecting creep, Andersiand and Akili (1967) employed a multiple 
stress reduction technique in an attempt to isolate the effect of stress 
on creep benaviour. Creep rates were ootained for very short test 
relatively coid temperatures. 
Temperature dependence was analyzed in terms of rate process theory and 
the data apparently indicate that thermal activation energy is involved 

in the process of creep in a frozen soil. A constant activation energy 

of 93.6 kcal/mole was reported, suggesting that a single creep mechanism 


predominates at these stresses and temperatures. It seems unlikely that 


Ww 


creep rates used in these activation energy calculations corresponded to 
Steady state conditions. Andersland and Akili (1967) point out that for 
temperatures warmer than about -6°C, changes in unfrozen water content 
would handicap this method of creep analysis. The rate process aspects 
of this study have been discussed in more detail elsewhere by Akili 


(1966, 1970). 
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Hoekstra (1969) has noted that a creep activation energy for frozen 
soil evaluated with the method employed by Anderstand and Akili (1967) 
may not be in complete agreement with its strict physical definition. 
Temperature differences, in addition to changing the energy of the 
moving molecules, also cause a gradual change of phase which constitutes 
a departure from equilibrium conditions. This may explain why the 
activation energies determined by Andersiand and Akili (1967) were 
higher than those given for either polycrystalline ice (see Section 2.2) 
or unfrozen soils (Mitchel! et al., 1968). hm addition to this, Akéfli 


(1971) has suggested that temperature effects, as indicated by the 


amount of liquid water present in the soil, would influence the soil' 


WM 


ultimate load-deformation behaviour. Goughnour and Andersiand (1968) 
have also used rate process theory to derive a general equation describ- 
ing the creep behaviour of a sand-ice system. The role of soil particle 
contact was explored by cbserving changes in creep rate as the sand 
volume concentration was increased. Knowing that ice would creep percept- 
ibly even at very low stresses, sand was selected for their testing 
program to minimize unfrozen water effects and reduce contamination 
alteration of the ice matrix. As in previous studies, high stresses 
were used, and once again, it seems unlikely that any of the creep rates 
reported were obtained under true steady state conditions. 

In an extensive experimental study of the uniaxia! deformation 
behaviour of two frozen sands, Sayles (1968) explored time dependent 
strength in terms of creep. His findings indicate that at stresses 
below the long-term strength, creep velocities will continue to deceler- 


ate with time. The early domination of creep deformations by transient 
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processes was apparent from the linearity of plots of log strain rate 
against log time. The primary creep exponent obtained decreased from - 
1:0. to approximately -0.5 with increases in applted stress. Test dura- 
tions were typically 40 to 50 days and some samples remained under load 
for more than 100 days without rupture. The time-strain curves ailowed 
an approximation of secondary creep rates although no conclusive evidence 
was given to demonstrate that true steady state conditions had been 
obtained. Insufficient data were reported to permit construction of a 


flow law for the materiais tested. Empirical relationships given to 


aha 


predict variations in deformation with stress, time and temperature were 
based upon curve-fitting transient creep and subsequent extrapolation to 
large times. Samples tested in this study contained no segregated ice 
and would be classified as structured or massive soils, which suggests 
that the effects of soil structure might be reflected in the creep 
response to load. 

Andersland and AlNouri (1970) have concluded that increases in 
confining pressure produce an exponential decrease in strain rate. in 
view of the short test durations, it again seems probable that creep 
rates observed in this study were still attenuating. A complex method 
has been employed to interpret their data, but in the light of numerous 
ambiquities, their results must be regarded with skepticism. 

Ladanyi (1972) has described a generalized creep theory which per- 


mits information required for problem solutions to be de 


jae 


uced from a set 
of constant stress creep tests. He has idealized time-deformation 
behaviour with a steady state creep jine and a pseudo-instantanecus 


intercept at zero time that consists of the transient and elastic strains 
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lumped. The creep law proposed is a simple power expression in the form 
of Norton's law with temperature effects on the creep rate embodied ina 


creep modulus as follows: 


de A ‘ n 
—~- = € = € (o/o (2. 40)) 
dt ie (a/ ) 
where n is a constant which may depend on temperature, 
) is a temperature dependent creep modulus, and 
c 
ER is the secondary strain rate corresponding to an arbi- 


trary stress of o 

Ladanyi (1972) has discussed previous attempts to describe creep as 
a thermally activated process but expresses a personal preference for 
other methods of accounting for the effects of temperature. He has also 
suggested that changes in hydrostatic.stress would have a definite 
effect on the stress-strain behaviour of frictional soils. After conclud- 
ing that a clear understanding of the creep behaviour of frozen soils is 
still lacking, Ladanyi has suggested that a systematic and thorough 
investigation of both field and laboratory behaviour is a necessary 
prerequisite to meaningful progress. 

A laboratory study of frozen remoulded soils has been described by 
Perkins and Ruedrich (L972 )y but once again, the work was performed 
using large stresses, fast strain rates, and relatively cold test 
temperatures. They found that strength could be estimated by using a 
flow relationship similar to the one given in Equation 2.1 with an 
exponent of 3.7 obtained under what were presumably steady state con- 


ditions. Data from constant strain rate compression and constant stress 


» 
Ta Soe Soe | a a. & 4 7 : a 
4 " i ser - Pa \ —_ ome - « - a 


aie bie erage? nip ease vee sila See tae Wee 
: 


lure Ry gsteog qae 3, ore beaqah wwlersqiss 6 at 


a 
F ares 
tT eh ayes At 


-idis Ne ot gHitnoqe@r te? 436% Miva Visbnaoe. qt st 


ola oe eee omy. 


f rah d 
= =. ~ > re dd ” . q¢ * z 
fase es ee Sad ne rae. = oe 7 =* *” ra) te 


2a daeiounetyonai Pit RIOT Te RNOLINIY bynes ih 28 (eet): yg seas 
10? Mpunte tone! MOT ESS. es if we aassoR okey ison. wits gomtt § 

a 
a. ee 
Schade ta ale cami ones te, *ae neg? eh, ‘Batagpoags | * edge a 
ae it eae 0 ged ne oe = el es 
. satin pick bap eta. Sowidinays apnea ie. eaccorlp. Jatt ee ae 


va’ 


7 P : neo 
- stipe ieuet tei? 3 yee , OO BITE bk as et, re 
but ang wart gut tea Nea: Wve 


oa 


pri ene’ pervs ge 7163136 . ” AS 


- 


| uwoiwertad ,<jse1s svt) | to 
at eRe aed lo universe sine oA 


wwe nN 


: 0 pes ane © of piney e © rent bere pave ded iymabsd amie ty. 
adh 98 lay .. 


aad & a ayotwertad feregdel, aoe blyit Med | oe OA 


Me So oes et nie aie ea See e 


vd bodi yap ee. ger el ine mesh ces nesgrT le, wb Nige. yous aoeaals 
<4 sha nigct abe pe a Pees “re. et RNY Settee 


% 
ow ba e 
/- 


Deets ie a4 | 5, .2tean (SIRI ERE of rae 


hee yn - 


a Wen eee tstoy linet tyler: oe, kag phate ney 


‘ye Beha ¥7 Baga ape af: bipe drgnoysy | a _ 
a Sli ea Bee ste ool ge: 
ts PS ~ atv watson Dead 2 
. Eiapincereen ore tee bai fy 
Gee . 


ty 


42 


creep tests were found to be in reasonable agreement with each other. 

It was apparent that deformations in the early portions of constant 
stress tests were dominated by transient creep. Varying the soil texture 
from sand to silt to clay brought about a decrease in strength and an 
increase in strain rate, while for all three soil types, confining 
pressure increases were observed to diminish creep rates. Difficulty 

was encountered in determining the instantaneous elastic response at iow 
strain rates, since this was apparently obscured by the more dominant 


flow behaviour. 
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Sayles (1973) explored the behaviour cf Ottawa sand in consta 
stress triaxial compression at a test temperature of -3.85°C. These 
creep tests were conducted over periods as 
i 


(37 to 1000 psi) and confining 


} 


deviator stresses of 260 to 6900 kN/M 


aes s Se oe 3 ; 
pressures Tenging from C0 to 5500 KN/m (0 to S00 psi). Sayle’s study 


pressure. | The linearity of log strain rate versus log time data once 
again indicated that creep strains were dominated by transient processes 
to elasped times exceeding 1000 hours. tm some instances, axiat’ strains 
of 20 percent were reached without clear indication that steady state 
conditions had been estab! ished. 

Another study of the behaviour of frozen Ottawa sand was conducted 
by Alkire and Andersland (1973). They too report that the application 


of a confining pressure served to attenuate creep so that sample be- 


haviour became increasingly dependent on the frictional nature of th 
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Sand. A comparison of results for different ice saturations emphasizes 


the dominant role of the ice matrix in the early portions of the creep 
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tests, especially those performed at low confining pressures. Creep 
rates cited were minimum strain rates obtained within a specified time 
period and did not necessarily reflect a steady state condition. As a 
consequence, the data from these experiments are open to many of the 
same critisms which have been directed toward earlier studies. 
Recently, Sayles and Haines (1974) have reported the creep behaviour 
of frozen silts and clays, presenting their work in a format similar to 
that adopted by Sayles (1968) for his earlier work on frozen sands. 
Apparent steady state strain rates obtained from tests of 50 to 120 days 
duration define a flow law with an exponent approximateiy equel to 3. 
Creep curves in this study characteristically displayed a continuous 
decrease in strain rate with time, a departure from the more classical 
curves previously obtained for the frozer sands. Analysis of the trans- 
0 


= 
wy 


jient data gave a primary creep exponent that ranged from -0.6 to -1. 


axial stress was increased. 


From the preceding, it may be concluded that a concise understand- 
ing of creep in frozen ground is lacking. Only the recent work of 
Sayles (1973) has been sufficiently detailed to quantify some of the 
factors which influence the rheology of frozen soils. Formulating 
constitutive relationships to obtain a realistic representation of soii 
behaviour requires that input data be derived from a systematic and 


thorough investigation of soil properties. As pointed. out by Ladanyi 


\ ‘ oe . . + . . . 
(1972), even the verification of a simpie uniaxial creep theory requires 
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much further experimental study and should be complimented by an accu- 
mulation of detailed field performance data. Only then can the general- 
ization of uniaxial: stress data to more complex stress conditions be 
confirmed.as an analytical method reliable for use in practice. 

Theories drawn from studies of creep in metais provide a useful 
framework for describing frozen soil behaviour, but must be modified to 
include attenuation associated with interparticle friction as the mean 
stress is increased. Volume constancy during 'undrained' creep has been 
a common assumption in the studies describec above. In support of this 


Fukuo (1966) has measured lateral expansion during creep of a frozen 


soil and found that total volume changes were consistently less than 1% 
of the total sample volume. The importance of recognizing and analyti- 
cally accounting for transient creep processes is also apparent. Deriva- 
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tion of a flow law for frozen soils at the stresse 
greatest interest remains an onerous task. Estimation of deformations 

in response to load is further complicated by the knowledge that, under 
certain conditions, frozen soils may undergo consolidation. This process 


has been shown to be in itself, capable of producing a significant 


volumetric strain (Brodskaia, 1962). 


2.4 STRENGTH OF FROZEN GROUND 


Laboratory studies 


According to Vialov (1962), a group of failure envelopes can be 


derived from triaxial compression tests on frozen soil such that each 
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separate envelope corresponds to a specific time to failure. He has 

also recognized the important role played by cryogenic structural features 
in determining the strength properties of frozen soils. Since strength 

is both time and temperature dependent, a modified Mohr-Coulomb failure 


theory has been proposed, taking the form: 


) =opce hoe tan (2a iy) 

: eek. ane So 
where - ig denotes the shear strength, 

- denotes the normal stress on the shear plane, and 


cy and by are functions of both temperature and time. 
The results of tests on frozen sand indicated a relatively constant 


angle of friction obtained far times to failure ranging from } to 24 


hours. Friction angles invariably fell just slightly below those ob- 
tained for the same soil in an unfrozen state. 

in a subsequent contribution, Vialov and Shusherina (1964) have 
verified this approach for frozen soils by documenting the increase in 
shearing resistance in response to increased normal stress. They iden- 
tify two components of shearing strength: 

1) Resistance to ‘smooth shear! (i.e. cohesion). 

2) Frictional wesestance to shear as a function of normal stress 

It was recognized that creep and shear streigth were intimately 
related since the strain required to mobilize friction was a direct 
function of the time required for the ice matrix to yield under the 


applied stress. Qn the basis of experimental data, they conclude that 
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the shear strength of frozen sand can be described accurately by Equa- 


tion 2.10. The variation of the cohesion intercept, C. would be given 


ao 
by: 
Cc, = B/log (t/B) CP ayo) 
where 8 and B are constants cbtained froma plot of Cy against 
loGgut. 


This equation has the same form as the famitiar expression proposed by 
Vialov (1962) to estimate long-term uniaxial compressive strengths from 
the results of several short-term creep tests. 

In tests conducted at higher strain rates, large gains in shearing 
resistance were obtained as the soil's water content was increased. 
Since the short-term strength is mainly controlled by the ice matrix, it 
seems consistent that an increase in water (ice) content would be accom 
panied by a larger shear strength. This effect was also seen in the 
anomalously high apparent friction angles measured in the low normal 
stress range. Nonlinearity of the failure envelope reflects the domi- 
nance of the ice matrix in its contribution to strengths obtained at 
fast strain rates and cold (-10°C) temperatures. 

Sayles (1968) and Sayles and Haines (1974) have interpreted their 
creep tests using Vialov's (1962) equation for long term strength. 
Expressions of this same form have been given to describe ultimate 
strength as a function of time and temperature for various soil types. 


Predictions appear to be in reasonable accord with experimental data. 
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Even in these two comprehensive studies, tests were seldom conducted 
beyond a 25 or 30 day duration, which means that evaluation of appro- 
priate design strengths would still involve an extrapolation over sev- 
eral orders of magnitude of time. 

Goughnour and Andersland (1968) studied the influence of sand 
concentration on the failure mode and strength of sand~ice mixtures at 
temperatures ranging from -4°C to -12°C. When sand concentration was 
increased beyond 42% by volume, the influence of interparticle friction 
and dilatancy became apparent, while at lower Sand concentrations, 
strengths were relatively constant and approximately eauai to those 
obtained for pure ice. Upon reaching the critica! sand volume, particle 
contact produced a rapid increase in strength. An analogy was drawn 


between volumetric increases observed during shear of the frozen sand 


and the effective stress changes accompanying dilation in the undrained 
shear of a dense, unfrozen sand. It was thought that confining pressure, 


being largely carried by the ice matrix at the outset, was gradually 
transferred to the sand particle contacts as the ice crept under the 
influence of intrinsic shear stresses. The presence of unyielding sand 


particles apparently causes faster deformation rates in the ice matrix 


uv 


during the time that overall sample deformation is accommodated. This 
in turn, results in higher shear strengths when sand concentrations are 
increased. Limited experimental evidence suggests that ciays probably 
benave in a similar manner although larger strains might be required to 
mobilize peak shear strength. 


Foliowing Vialov's earlier work, Andersland and Al Nouri (1970) 


examined the time dependent strength behaviour of two frozen soils. 
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Sand behaved frictionally as might be expected, with a friction angle 
corresponding to that of the unfrozen soil. Failure envelopes were 
essentially parallel for the range of strain rates and stresses re- 
ported. It was concluded that the frictional component of strength was 
rate independent while the geometric cohesion intercept could be related 
to strain rate and test temperature. Confining pressure had little or 
no effect on the shear strength of clay when tested at these relatively 
fast strain rates and cold: temperatures (-12°C). 

Neuber and Wolters (1970) have summarized the results of numerous 
strength tests performed on. artificially frozen soils. They determined 


that shear strength was a direct function of confining pressure, althougn 


friction angles obtained were siightly lower than thase deterinined for 
the same soils in an unfrozen state. Figures 2.9 and 2.10 show typical 
strength envelc cen from their study. The relatively large co- 
hesive intercepts are associated with the fast strain rates and cold 
temperatures used in these tests. Probably because of the rather short 
test durations, no frictional response was detected for clay soils 


tested. Similar to the findings of Goughnour and Andersland (1968), 


Neuber and Wolters (1970) report that strains of 10% or more were re-~ 


quired to fail the ice matrix and subsequently mobilize full frictiona 
shear strength under triaxial conditions. !t should be noted that due 
to the unusually large confining pressures used in this and some earlier 


research, the frictional component of shear strength was invariab!] 


<< 
ja) 


major part of the total strength, even at fast strain rates. 
A brief study by Heiner (1972) conciuded that short term strength 


in frozen soil was mainly dependent on the strength of its ice matrix, 
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and hence, its moisture content. His strength envelopes indicate 
anomalously high values for the friction angle under normal stresses as 
high as 150 ein (20 psi). Very fast strain rates were reported; 
therefore, this behaviour again reflects the overwhe!ming contribution 
to strength offered by the ice matrix. 

By testing sand-ice specimens triaxially at -8°C, Perkins and 
Ruedrich (1973) were able to confirm an increase in strength that was 
proportional to confining pressure. Scatter in the data made the exact 
friction angle somewhat difficult to resolve but an average value appears 
to be in reasonabie agreement with that obtained for the same sand in an 
unfrozen state. Some nonlinearity may be evidenced at higher confining 

SA Payee = 
pressures, and since the lowest cell pressure used was 4.3 MN/m” (625 
psi), behavicur under sensible engineering stresses remains undefined. 
Ruedrich and Perkins (1973) have attempted to separate the shear strength 
of frozen soil into two components: the resistance of ice to deformation, 
and the frictional response of soil grain contacts. Their results show 
that these separate components can be well approximated by: 

1) The time dependent strength of the ice matrix, taken as the 
unconfined compressive strength of the soi! in question and 
obtained at an appropriate strain rate. 

2) The essentially time-independent strength associated with the 
mobilization of frictional resistance at particle contacts 
under the applied boundary stresses. 

lf this is the case, then shear strength can be estimated by ob- 


taining the uniaxial strength as a function of strain rate (or time to 
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failure) ‘andsadding:to «this, the frictional response of the:soil matrix 
for a particular mean stress or confining pressure. Computed and ex- 
perimentally derived stress-strain curves have been given and appear to 
agree reasonably well with each other.. Such close correspondence might 
not have been found for a finer-grained soil where the frictional re- 
sponse would also be time dependent. This approach to the rationaliza- 
tion of shear strength response is essentially identical to that de- 
scribed previously by Vialov and Shusherina (1964). 

A recent study by Alkire and Andersland (1973) provides. further 
information regarding the influence which confining pressure has on the 
shear strength of a sand-ice material. Varying the degree of ice- 
saturation in the soil pores has demonstrated the re 
the ice matrix and sand particles on overall mechanical behaviour. 
Volume increases were recorded at lower confining pressures, but under 
increased pressures, dilation was totally supressed. Considerable 
energy is required to overcome the strength of the ice matrix so that 
particle dilation can occur. This response produces a characteristic 
bilinear stress-strain curve. The ice’first yields at a strain of about 
1%. This is followed by the gradual development of frictional strength 
at larger strains. The contribution of dilatancy to the sand's fric- 
tional strength is inferred by a slight tendency for curvature of the 
failure envelope with increasing normal stress. These envelopes are 
still best approximated by a straight line and i* seems unlikely that 
Pronounced curvature would be apparent when testing in a narrower range 
of confining pressures appropriate for routine geotechnical engineering 


problems. 
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Full development of frictional strength may be inhibited as ice 
saturation is increased, but at fast strain rates, this will be accom- 
panied by a higher cohesion intercept. Figure 2.11 shows two failure 
envelopes for a frozen sand that were obtained at different ice satura- 
tions. From these, it is clear that the Mohr-Coulomb equation ade- 
quately describes the shear strength behaviour of frozen soils. The 
observed friction angles of 29.5° and 33° are less than the 37° value 
given for the unfrozen sand, suggesting that ice does interfere with the 
development of full frictional resistance. Alkire (1972) has indicated 
that these lower values compare well with data reported e}sewhere for 
dense sands tested at hiah confining pressures where dilatancy is sup- 
pressed. He suggests that at the temperatures and strain rates adopted 
in his study, ice effectively incrsases particle confinement, and hence, 
inhibits dilatancy . The analysis ef all of these results has neces 
sarily been based on total stresses. 

Sayles (1973) has performed triaxial tests on frozen sands, shear- 
ing samples to more than 10% axial strain. The stress-strain curves 
obteined in his study typically exhibited two peaks: the first at 
approximately 1% strain, corresponding to failure of the ice matrix, and 
the second at strains as high as 10% where full interparticle friction 


was mobilized. Instances were noted where the first peak actually 


the ice matrix exceeded the frictional strength of the sand. Results from 


. 


the second resistance veak are summarized in Figure 2.12, from which it 


is clear that the friction angle obtained is approximately equal to the 


° ‘ ; = 4 ; . 
37° value indicated for unfrozen sand. Compression data given for 
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polycrystalline ice indicate a strength dependency on confining pressure 
consistent with the findings of others (Chamberlain, 1969; Roggensack, 
1975). Friction is apparently mobilized between the ice crystals as 
failure planes form along grain boundaries, but slower testing rates and 
higher confining pressures subdue this response. A second test series 
is reported that determined the creep strength of frozen sand as a 
function of confining pressure: the results were similar to tnose obtained 
for the first series. 

Chamberlain et al. (1972) have described an investigation of the 
effects of confining pressure on the shear strength of various soils at 
a temperature of -10°C. While the pressures and strain rates were 


intended to approximate those associated with shock waves, several of 


conditions. They indicate that pressure melting is the norma! response 
to an application of hydrostatic or deviatoric stress to frozen soil. 


When stress concentrations are produced by a small deviatoric stress 
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melting occurs and the water moves to regions of lewer stress where 
refreezes. Once again, frozen sands exhibited dilation and a frictional 
response when sheared with confining pressures falling in a range that 


is relevant to normal geotechnical analyses. 


Assessment of results 


The laboratory studies described above permit several conclusions 


to be drawn regarding the behavicur of frozen soils in shear. A strong 


argument emerges in support of the adoption of frictional strength as 
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the long term strength for massive soils. Best available data indicate 
that the appropriate friction angle can be approximated by the effective 
angle obtained for the same soil in its thawed state. There is some 
evidence that in icier materials, full mobilization of frictional 


strength may be hindered by the ice so that the observed friction angle 
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is reduced. For dense and coarse-grained soils, dependence of shear 


strength on strain rate and temperature can be embodied in the cohe 
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intercept while the friction angle remains relatively unaffected. 
Limited data suggest that the geonietric cohesion intercept can be 
described with an expression similar to the one given by Vialav (1962) 
for time-dependent strength. 

To strain a frozen soil first requires that the strength of the ice 


matrix must be overcome. The stress necessary to accomplish this will 
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describing a flow law for ice (several have been discussed 
2.2). As the sailiand ice gradually deform, frictional strength can be 
mobilized at the mineral particle contacts. Ice has a hong-term strength 
of zero, so the stresses transferred to these contacts must eventual ly 
equal the applied total stress. During shear, the ice restricts partic! 
movement and supresses dilation. It is this impedance that leads 
to the unusually large cohesion intercepts obtained for frozen soils 
sheared at relatively fast strain rates. Data pertaining to fine- 

grained soils are inconclusive, but it seems probable that these soils 


will also behave frictionally at slower rates of strain. 
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Some researchers have indicated that unconfined compressive strengths 
(and possibly geometric cohesion intercepts) can be related to tempera- 
ture by adopting a rate process theory approach. Activation energies 
determined in tests conducted at temperatures warmer than -10°C remain 
unreliable for reasons that were outlined in Section 2.3. Only limited 
data are available, and it seems unlikely that the rate process approach 
will meet with much success in the light of difficulties encountered in 
applying this theory to the warm-temperature, low-stress behaviour of 
polycrystalline ice. 

it has not been possible to determine stresses carried by the ice 
phase and experimental measurement of pore pressures in the unfrozen 
water is simijarly difficult and subject te ambiguity. As a conse- 
quence, the contributions of ice and unfrozen water in a frozen soil's 
response to the application of stress have not heen clearly defined. 
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The behaviour of frozen soils must therefore be interpreted 
total stresses. 
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At temperatures approaching O°C, behaviour will likely 
to that observed for unfrozen soil. However, at these same warm tem- 
peratures, segregated ice may exert a much greater influence on both 
strength and deformation behaviour. Under these circumstances, it will 


, 


be important to recognize structural feat 


S 


res such as high ice content 
or throughgoing and semi~continuous ice veins that could act as pre- 
ferred planes of weakness under sustained load. Experiments have also 
shown that ice and water can be redistributed within a frozen soil by 
migrating in response to applied stresses. Experimental data of any 
sort is limited for fine-grained soils and completely lacking for 


natural permafrost soils, especially those containing segregated ice. 
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Evaluation of the behaviour of these soils at warm temperatures and 


under reasonable magnitudes of stress is an urgent research requirement. 


2.5 INTERACTION BETWEEN STRENGTH AND DEFORMATION 


Ladanyi (1974, 1975) has described a theoretical treatment that 
takes into consideration the processes of creep, consolidation and shear 
in frozen soiis. An arbitrary boundary has been defined between ‘hard 
Frozen’ -and *olastic frozen” softls on theibaesis of -textureand temper-- 
ature.” Experimental timitations currently necessitate a quasi-single- 
phase approach to soi] behaviour that lumps creep with those deforma- 
tions which are actually due to consolidation volume change. Even so, 
it is still useful to analytically examine consolidation and creep as 


two separate but simultaneous srocesses.. Since the relative amounts 


each type of strain will depend upon the stress path and elapsed time, 
it is clear that the constitutive relationship chosen to represent this 
quasi-~single-phase behaviour must be obtained by following a laboratory 
stress path coinciding with anticipated field conditions. Using an 
approach based upon the unique relationship between water content can- 
tours and effective stress paths (well known for saturated sails), 
Ladanyi (1974) has examined stress changes in frozen soils with the aid 
of the familier Rendulic plot. This format permits the convenient 


separation of any stress into its normal and deviatoric components. 


Frozen soil response to a stress increment 


Following Ladanyi (1974), Figure 2.13 illustrates the diagonal 


plane of the principal stress snace with different failure surfaces 
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shown as a function of time. A ‘normally consolidated’ triaxial speci- 
men (in equilibrium at point 0') is subjected to a stress increment 
that will be carried by the mineral particles and the pore-filling 
matrix. Some of the applied stress is immediately assumed by the soi ] 
skeleton and can be likened to an effective stress in unfrozen soils. 
In the case where the applied stress increment, Ao, (G'A), does not 
exceed the long term strength, it can be separated into two components 


¥3 Ao 


and v3AT which are the octahedral-norma! and octahedral 


OCT OCT 


shear stress changes, respectively. As the soi! deforms without drain- 


age, unfrozen water in the soil wiil carry only the hydrostatic stress. 
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Shear stresses can be temporarily supported by the ice matrix, and i 
will assume those not immediately taken up by the soi! skeleton. A 
portion of the shear stress is initially supported by the ice, with the 
result that the soil skeleton will be Jess strained than it would be 
under the same stress in the unfrozen state. Effective shear strength 
is then mobilized initially to B' instead of B, and the hydrostatic pore 
pressure generated by this straining (assumed to be the same in the ice 


end unfrozen water) is given by: 
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This will be smaller than the pore pressure change that would be gen- 
erated in the same soil if it were unfrozen. Shear stresses are shared 


by the ice matrix and soil skeleton; and, 
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imiiarly, the following can 


be written: 
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where erp and AT Oey are the shear stresses assumed by the ice 


and soil respectively. 


Ladanyi suggests that the creep relaxation of the ice can be likened to 
the dissipation of the excess pore pressures during consolidation since 
it results in a gradual transfer of the applied stress to the soil 
skeleton. Eventually, under conditions of closed-system creep, 


Au > hu and At >0 (the long term strength of ice being zero) so that 


DCies 
point B' will move toward 8. 

By opening the system when the effective stresses are at point B', 
consolidation will occur simultaneously with creep of the ice matrix and 
B' will move toward A. In this case, the long term conditions will have 
Au.>0, Au-0, ahd AT 70. With point A below the long term failure 
an attenuating 
Character. Therefore, deformation rates will decrease continuously with 
time. 

Two features distinguish frozen soil behaviour from that commonly 
associated with normaliy consolidated soils: 

1) Although the soil appears to be very stiff at the outset and 
creep and consolidation attenuate with time, ultimate defor- 
mations can still be quite large. 

2) By mobilizing the short term strength of the ice matrix, 
frozen seils can temporarily sustain stress increments which 

exceed the soil's long term strength. 

This second characteristic is depicted in Figure 2.14. As before, 


the effective strength of the soil skeleton is initially mobilized to B' 


under closed system conditions. The ice matrix then creeps to mobilize 
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full soil strength as B' moves toward B. Simultaneously, progressive 
straining brings the ice closer to failure. Loss of strength with time 
can be likened to a gradual shrinking of the delayed failure surface so 
that with point A lying outside the long-term strength envelope, failure 
wil! occur at some time, ty: Permitting consolidation by opening the 
system at B', the stress path will move toward A'. The relative rates 
of consolidation and creep will determine whether A' is reached before 


failure occurs. In this case, straining consists of simultaneous con- 


=_e 


solidation and steady state creep, and would be characterized by pera- 
bolic time-deformation curves. 

An approach similar to that shown in Figures 2.13 and 2.14 can be 
used for ‘hard frozen' soils, with the difference being that these will 
behave as closed systems under al] circumstances since the possibility 
of consolidation is eliminated by the virtual absence of mobiie unfrozen 
water, 

Figure 2.15 illustrates a similar consideration of the probable 


behaviour of an ! 


overconsolidated' frozen clay or dense granular soil by 
assuming a differentiy shaped effective stress path. Point B represents 
the peak undrained strength, and may lie-siightly beyond the lona-term 
strength envelope. Here, the application of stress produces a slight 
pore pressure decrease, causing the soil skeleton to carry a greater 
portion of the shear stress at the outset than in the previous cases. 

If point A lies beyond the long-term strength envelope, a steady-state 
creep response will be initiated with failure at some finite time 


being the inevitable result. 
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A precis of Ladanyi's (1974) excellent conceptual description of 
the response of frozen soil to a stress increment has been included here 
to clarify soil behaviour and demonstrate the interaction between 
strength and deformation properties. It is apparent that an estimate of 
the position of the applied stress with respect to the long-term strength 
is an essential first step in deciding the design approach to be adopted 
in either limit equilibrium or deformation analyses. Ladanyi's approach 
suggests that the long-term strength for ice-rich materials will be 
zero, while for massive soils, this strength can be approximated by the 
drained strength of the unfrozen soil. Between these extremes and the 
short-term strength, lie a number of delayed strength envelopes, each 
having a shape which may be different from the straight line Monr- 
Coulomb failure envelope. These envelopes must be defined in terms of 
total stresses, so it seems entirely possible that the apparent friction 
angles obtained could be different from the drained friction angle found 
for the same soil in an unfrozen state. The extreme sensitivity of 
strength to strain rate or time to failure can be directly attributed to 
the extremely nonlinear behaviour of the ice matrix that is described by 
a flow law like Equation 2.1. 

Experimenta! determination of the various strength and deformation 
components is an onerous task but Ladanyi's (1974) model is certainly a 
useful framework within which a better understanding of observed be- 


haviour can be obtained. 


Consolidation of frozen soils 


a mr i ne er re 


ht is.essential that <leformations associated with consolidation 


processes in frozen ground be recegnized. Brodskaia (1962) has 
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shown that frozen soils, hitherto considered incompressible, were capa- 
ble of sustaining appreciable volume changes with the controlling 
factors being soil texture, temperature, structure and ice content. It 
was stated that complete consolidation had been obtained in the tests 
reported in her study, but a close examination of the time-settlement 
data indicates that this was not the case. Low permeabilities and the 
viscous nature of ice prolonged deformations so that even though the 
consolidation process did attenuate, equilibrium conditions were not 
reached in any of the tests. Based on this observation, there is good 
reason to suspect that compressibility coefficients for frozen ground 
reported by Brodskaia (1962) and given elsewhere in the Soviet liter- 
ature may be nonconservative. Some experimental studies have reported 
finite soil permeabilities and confirmation of water flow in frozen soii 
(Williams and Burt, 1974; Burt and Williams, 1976) 
Kent et aut. (1975) have described a study that set out to verify 
the state variables required to describe deformation mechanisms in 
Frozen soils. They proposed that two volume change processes would be 
produced by the application of an isotropic stress: firstly, steady 
state creep in the ice due to intrinsic shear stresses imposed at. the 
micro scale; and secondly, attenuating consolidation. (o-u ) was 
identified as a state variable and by plotting volume change against log 
time, a curve resembling the conventional consolidation relationship was 
obtained. This finding suggests that the rate of volume change in 
frozen soil is governed by the dissipation of excess pore water pres- 
Sures. Similar resuits were obtained for volume changes produced by an 
incremental change in temperature. Volumetric strains resulting from a 


temperature increase exceeded the amount that could be explained by 
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phase change alone. The authors attribute these volume changes to addi- 
tional creep in the ice matrix as it yielded to conform to its new 
equilibrium ice porosity. Kent (1974) reports the possible diffusion 
of ethylene glycol into the test samples which complicates the inter- 
pretation of his experimental results. Behaviour observed in this 
study is in general agreement with the conceptual model for volume 


change in frozen soils proposed by Ladanyi (1974, 1975). 


2.6 APPLICATION TO ENGINEERING PROBLEMS 


The use of laboratory data to predict in situ behaviour requires 
the generalization of simple constitutive relationships to more complex 
conditions approximating field configurations. The usual practice in 
developing a flow law has been to express data in terms of ‘effective 
stresses and strain rates, for example, like those proposed by Nye 
(1953). Emery and Nguyen (1974) have reviewed the extension of uniaxial 
creep laws to the multiaxial case and concur with Ladanyi (1972) in 
recommending adoption of the ‘effective’ stress and strain rates defined 


by Odquist (1966): 
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, and Jo denote the second invariants of deviatoric stress and strain 
rate, respectively. ‘Effective' stresses and strain rates given by 
Odquist (1966) are preferred for generalization to multiaxial conditions 
since Norton's law is recovered when the multiaxial flow law is special- 
ized to the uniaxial case. It. should be cautioned that contained herein 
is the implicit assumption that hydrostatic stress will not influence 
behaviour, and although this may be approximately true for ice, avail- 
able data suggests the contrary for massive soils. In synthesizing 
behaviour to develop a flow law, it is essential that the same stress 
and strain definitions be applied to all of the data. The practice of 
using these stresses and strain rates in multiaxial generalizations of 
uniaxial data has not yet been validated, either in the laboratory or 
the field. Further research is required to improve confidence in the 
application of these relationships in practice. 


The only well-documented study of the in situ creep behaviour of 


1| 


Frozen soil consists of measurements of the roof and wall displacements 


nn 


in an underground room in permafrost (Thompson and Sayles, 1972). The 
opening was located at a depth of approximately 20 m (65 ft) in ice-rich 
Fairbanks silt. Closure measurements were reported for a time interval 
exceeding one year. A relationship was derived between stress and 
strain rate from the results of short-term uniaxial creep tests per- 
formed on undisturbed samples in the laboratory. The finite element 
method was then employed to analyze measured deformations, and the 


authors have indicated close agreement between in situ and laboratory 


creep characteristics for the frozen silt. Their analysis was based 
upon the assumption that deformations were entirely dominated by steady 


State processes. By using a numerical analysis to generate closures 


ee a wer, i folie ; a Paes a kerr | 
sVgi seq? 2) ws ied sone SpA Gard ve 
ah ie) tae % 
Ayes ort tari 1 cH Aen” Lett inst iuss “Reesbriels a ees bata 
saith att a 
i loehient ror tae Sia ee See Folk Watt | 
itive baba Taare sya aiken 4 cits Renae ei . 


an. PY 

. | iia? i 
Ay tae 
id et Wear c 


ai ee iP aa is ‘I ee tata 4 Saleh ot al Fates aelt edited 
ets fea Of athe eet 4Pe ig! ae oa got awab’ oF oo 


+2) ae 2 ati 


dae eae ho or neh ada By Siowth of e 


& 


oe Ta ; \ 
Si a a ee FATT Hee sae a hai oy 


ee + “a : ; 
7 
i's pu 
ree set Gee ne ont 3, 7 8 tare aa vist OY aida aes oe dears: 


Fhe PRA ty dc 9 i aiap veil bat er etigat > + Haneda? A 7% 
RPE, Ray gh iy eNO oe AP Tey mevoE tr anh | 
ay - wie the 
tie. Ame etael cares eat ae ae det ule be sain ties ie wre 
¥ ; ; 7 7 r 
“ie ‘ hee TR a a iF ine to am Mey. FY ies oy vo at of aoe va sniainelaives i. 
“a =! oy mf * ; 7 
sd its e aes, SA |e a i 
arf fab" ss Syl tine hosdua i Tee Se ae ‘viet 
wis hip aieae sSiaiee Sas ain Se ihe Se Gr 
aa Fe “Lae Re é 
F 5 oy Pathos a Toyric fne=s 1 eam 7 had 48 “Hed 
. = oe Pe cae! 
fut epee re brie be. aie gl aan ee & Seren i 
hated aneBs" dati te) eccie ate eae ‘Ny Se a 
call eee eet oe lal nt Bb tit eat te 
os eee > Sate 5 ; EE : 
ar Sette tne ea ai inna con abn 
J) i: So 
eg eee aan oe STE aT ttf fa? ae 
Mist i sit ok and a, siotaonndin ji | 


DBS: woe B f thee sara A Ee : 


al 
7 
“ay 
_— 


63 


corresponding to measured field behaviour, the back-calculated flow law 
thus determined indicated a strain rate some 3.3 times faster than had 
been obtained in the laboratory testing. 

Examination of the vertical closure data, shown in Figure 2.16, 


suggests that assuming steady state conditions may have been an over- 


78) 


simplification. An early transition to steady state creep was reported 
from laboratory tests conducted on the frozen silt. This observation is 
difficult to resolve when compared with other creep data given for 
similar silts and clays at or about the same temperature (Sayles and 
Haines, 1974). In the more recent study, it was observed that strain 
rates were still attenuating after times exceeding 1000 hr. This writer 
has not conducted a detailed examination of the finite element analysis 
employed by Thompson and Sayies (1 
inherent with the creep formulatior, it seems reasonable to suggest that 
several of their conclusions require more detailed substantiation before 
gaining acceptance. Some test of the accuracy of their program against 
a closed form creep solution would be appropriate before going on to 
suggest that transient creep deformations have made a negligible con- 
tribution to the closure of the room. 

Records of ice tunnel closure over periods extending to 8 years 
have been reported by Bender (1967). These openings were advanced in 


snow ice, and although its lower density (0.8 eas 


) may have influenced 
behaviour, the closure curves clearly illustrate sustained rate atten- 
uation. Bender's (1967) observations suggest that transient processes 
may have a significant influence on creep under field conditions. 


Nixon and McRoberts (1976) have used a secondary creep law for ice 


to relate tne steady state settlement of a pile in ice or an ice-rich 
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soil to the applied shaft stress. In part, their flow law has been 
based upon the same low stress creep data that was criticized in Section 
2.2. They point out that their analysis will tend toward conservatism, 
but the issue of primary or transient creep has been completely omitted 
and deserves attention. There is a paucity of creep data in the range 
of stresses and deformation rates of greatest interest in pile design. 
if the creep rates reported by researchers like Mellor and Testa (1969b) 
or Colbeck and Evans (1973) are actually much faster than true steady 
state rates, then over long times, the flow law assumed by Nixon ana 
McRoberts (1976) will grossly overpredict settlements. Their figures 
indicate that pile shaft stresses will have to be kept small to satisfy 
design requirements which limit deformations. On the other hand, if 
early settiements are dominated by transient processes, creep attenuation 
will occur and with slower long-term ‘settlement rates, increased 
stresses might then be permissible. Experimental results discussed 
previously have shown that the creep behaviour of ice at near-thawing 
temperatures is, at best, erratic: Without the benefit of satisfactory 
laboratory data or careful observations of field performance, it is 
extremely difficuit to make estimates of deformation behaviour for 
structures founded in permafrost. 

In summarizing the useful strength and creep rate testing reported 
for frozen soils, Anderson and Morgenstern (1973) have suggested that 
the bulk of existent data can be criticized for one or more of the 


following reasons: 


1) Stresses employed were beyond the range of engineering interest. 
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2) Strain rates obtained were considerably faster than those 
anticipated for usual field conditions. 
3) Test temperatures were considerably colder than normal ground 
tempera CURES < 
4) Creep test durations at lower stresses were too short. 
Little or no data are available defining the behaviour of natural perma- 
frost materials. With respect to shear strength, an analysis of a 
landslide on the Mountain River, N.W.T. by McRoberts and Morgenstern 
(1974b) contains field evidence that the long-term strength of ice-poor 
permafrost is entirely frictional. Limitations to be placed upon this 
approach when ground ice is present as either continuous layers or a 


reticulate structure have vet to be determined. 
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TABLE ~2:1 SUMMARY OF LABORATORY CREEP TEST!NG 


ON POLYCRYSTALLINE 


\EFFECTIVE' SHEAR 


SDURTE STRESS. RANGE TEMPERATURE TEST DURATION 
(kN/m_ ) (oe) (hr) 
Blen (1955) 40 to 540 -13 to O 150 max. 
Steinmann (1958) 50 to 580 -12 to -1.9 180 max. 
Butkovich and 50 to 300 -6.5 to -4 170 max. 
Landauer (1959) 58D to 2700 -5 | max. 
Butkowich and | to 12 =-11 to -5.9 300 (7) 


Landauer (1560) 


Voitkovski (1960) 25 to 240 -4 to -1.2 5000 trax. 
(in Budd, 1969) 


Dillon and 590 to 1600 -14 to -10 1 to 2 (7?) 
Andersland (1967) 


Mellor and 40 tp 1000 -10 to -4 2700 max. 
Smith (1967) 


Mellor ard 20 to 1200 -6.1 to 0 120 max. 

Testa (1969a) (most ly (approx. ) 
-10 to 9) 

Mellor and 5 to 25 -2 340 and 870 


Testa (1969b) 


Tabor and 50 to 5800 -48 to -2 2400 max. 
Walker (1970) 


Barnes et al. (1971) 


Colbeck and Evans 5 to 125 i) 210 max. 
(1973) 


‘Effective! Shear Stress T_.- = 
ef f 


‘Effective!’ Strain Rate 


npeys)— 


“eff — 
(definitions from Nye (1953), p. 486) 


PCE 


ICE WYRE 


random 


random 


random 
(also some 
elongated 
crystals) 


as above 


random 


random 


snow ice, 
random 


(0.83 Mg/m?) 


random 


random 


random 


random 
(glacier) 


REMARKS 


no low stress tests 
transient effects 
accounted for 


transient effects not 
accounted fo; 
questionable testing 
tectniques 


report only minimum 
strain rate 

small samples used in 
pure shear 


report only minimum 
strain rate 

probably dominated by 
transient creep 

very small strains 


original text not avai l- 
able to tie writer 


small strains 
Steacy state adinricuir tc 


distinguisn 


steady state not 
established in low 
Stress tests 


some tests stage-loaded 
recrystallization 
thought possible 


steady state rates given 
are questionable 
transient effects not 
accounted for 

small streins 


transient effects 
accounted for 


small strains 

crude testing apparatus ! 
steady stete questionable 
recrystallization may 
complicate interpretation 


(uniaxial compression) 
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TABLES 2. 2 


SOURCE 


Gerrard et al- (1952) 


Nye (1953) 


Nye (1957) 


Wilson (1959) 


(in Budd, 1969) 


Meier (1960) 


Paterson and 


Savage (1963) 


Shreve and 
Sharp (1970) 


Raymond (1973) 


Thomas (1973) 


"EFFECTIVE SHEAR 
STRESS. RANGE 


(kN/m?) 


10 to 100 


~10 to 100 
and 
100 to 400 


~10 to 100 


~ 5 to 40 


~ 1 to 100 


~50 to 110 


(estimated) 


~20 to 120 
(estimated) 


~50 to 150 
(estimated) 


~12 to 109 


TEMPERATURE 
(°c) 


near 0 


~0.8 to 0 


near 0 


near 


near 0 


rear 0 


near 0 


-16 to -6 
(average 
values for 
eech shelf) 


SUMMARY OF FIELD OBSERVATIONS OF 


TYPE OF MEASUREMENT 
REPORTED 


horizontal velocity 
from borehole 
inclinations 


reanalysis of above 
and tunnel closure 
rates 


reanalysis of above 


borehiole inclinometer 
results 


horizontal velocity 
from borehole 
inclinations 


horizontal velocity 


from borehole 
inclinations 


borehoie inclinometer 
results 


borehole inclinometer 
results 


surface velocities 


LOCATION 


Jungfraufirn 


Jungfraufirn, 
Skaut]zoe, 
Z‘'Matt and 
Arolla 
glaciers 


Jungfraufirn 


Tuto ice ramp 
Greenland 


Saskaichewan 
and Maspina 
glaciers 


Athabasca 
glacier 


Blue glacier 


Athabasca 
glacier 


Brunt, 
Maudheim, 
Amery, Ward 
Hunt, and Ross 
ice shelves 


ICE 


FLOW 


REMARKS 


measurements in upper 
profile unreliable 

no longitudinal strain 
measured 


laminar flow analysis 
longitudinal! strain no 
accounted for 
simplified stress con- 
ditions around tunnels 


renalaysis accounting 
for longitudinal strai 
date from low stress 
regions questioned 


laminar flow analyses 
neglecting longitudina 
strain 


laminar flow analysis 
some doubts about near 
surface data 


encountered large 
errors at low stress 
levels 
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discuss difficulties in 


laminar flow analysis 
accounting for lengi- 
tudinal strains 


large deformations in 
basal ice and on 
glacier bed 


analyzed for unique 
stress distributions 
anomalous behaviour in 
upper half of profile 


model developed to 
account for lateral 
restraint, grounding 
restraint, and density 
variations with depth 
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EFFECTIVE SHEAR STRAIN RATE (sec” 1) 
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EFFECTIVE SHEAR STRESS (kN/m2) 


Figure 2.1 Flow relationship for polycrystalline ice based on 


laboratory and field behaviour (with effective shear 
Strain rates and shear stresses as defined by Nye, 


1953) 
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TIME 
At any stage, creep rate € = (€9 — €4) ty — ty) 


Schematic representation of creep of polycrystalline 
ice at various stress levels, temperature constant 
(from Barnes et al. , 1971) 


nied too 


EQUATION €=At9+B 


where exponent a = —tan () 


10°! and 8 is the observed 
secondary creep rate 


6 curve fit to experimental data 


10°2 H =a {isotherma!, constant stress) 
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transient rnechanisms steady state 
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LOG TIME (arbitrary units) 


Typical creep test data plotted to evaluate transient 
and steady state components 
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First load stage 
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Figure 2.4 Constant stress creep of polycrystalline ice, first 
load stage (from Mellor and Testa, 1969b) 
TIME (days) 
1090 200 
0.01 St ee ae ae 
93 = 0.093 kgf/cm = 9.1kN/m2 | 
a ay = 5.98 cm 
2 Temp.=-2.06°C 
res 0 
a 
uu 
= 
Ly 
O 
< 
a 
a 
-0.02 
TIME (min) x 10° 
Figure 2.5 Constant stress relaxation and creep of polycrystalline 


ice, second load stage (From Mellor and Testa, 1969b) 
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L, = 9.98 cm 
Temp. = -2.06°C 


nee ee ee 
1 2 3 4 5 


TIME (min} x 104 


Constant stress creep of polycrystalline ice, third 
load stage (from Mellor and Testa, 1969b) 
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Data from Mellor and Testa (1969b) 
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Data from Mellor and Testa (1969b) 
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Figure 2.8 Analysis of creep data from Mellor and Testa's third 
load stage 
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12.5 
MEDIUM AND COARSE SAND 
(After Neuber and Wolters, 1970) 
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Figure 2.9 Failure envelopes for medium and caa -grained frozen 
sand (from Neuber and Wolters, 1979, ee changes) 
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FINE, SILTY SAND 
(After Neuber and Wolters, 1970) 
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Figure 2.10 Failure envelopes for fine, silty frozen sand (from 


Neuber and Wolters, 1970, with changes) 
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15 
OTTAWA SAND (20 — 30 MESH) 


(After Alkire and Andersland, 1973) 


Temperature = —12°C 
€ =0.027 min’! 


97% ice saturation 
se 55% ice saturation 


Note: Tests on samples 
5.74 cm long x 2.87 cm diameter 
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Failure envelopes for frozen Ottawa sand (from Alkire 


Figure 2.11 
and Andersland, 1973) 
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OTTAWA SAND (20 — 30 MESH) 
{After Sayles, 1973) 


Temperature = —3.85°C 
é = 0.03 min’! 
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Note: Tests on samples 
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Figure 2.12 Failure envelope for frozen Ottawa sand (from Sayles, 


1973, with changes) 
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Rigure 2. 1,3 Rendulic plot for 'normally consolidated' frozen soil 
in compression (after Ladanyi, 1974) 


Figure 2.14 Rendulic plot for 'normally consolidated' frozen soil 
stressed beyond its long term strength (after Ladanyi, 
1974) 
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Figure 2.16 


Rendulic plot for 
beyond its long term strength (after Ladanyi, 1974) 
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stressed 


Vertical deformation and ground temperature versus time 
for a room excavated in permafrost (from Thompson 


and Sayles, 1972) 
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CHAPTER I11 
LABORATORY STUDIES OF FROZEN SOILS AT 


NEAR-THAWING TEMPERATURES 
3.1 STRESS-STRAIN RELATIONSHIPS FOR FROZEN SOIL 


The strength and deformation properties of ice and frozen soil and 
their response to the application of stress have been discussed at 
length in Chapter If. Features distinguishing the behaviour of perma- 
frost from that of similar unfrozen soil are associated mainly with the 
amount of ice present in the soil. Unique properties, such as creep 
under sustained toad and the marked dependence of strength on strain 
rate, can be attributed directly to the manner in which ice responds to 
the application of load. Research reported by others and described in 
the previous chapter has shown that ice behaves as a non-Newtonian, tem- 
perature dependent, viscous material. It appears that a coment mere 
relationship for ice can be described adequately by an experimental ly- 
derived flow law. | 

The phenomenon of unfrozen water content has been discussed in 
connection with consolidation volume changes, water flow in frozen 
soils, and variations in matrix ice content produced by temperature 
changes. Ice is a causative factor in the well-documented rate-, time-, 
and temperature-dependent properties which characterize the behaviour of 
frozen soils. This emphasizes the need to recognize discrete forms of 
ground ice and to treat them as geological discontinuities which may 


exert a significant influence on overall geotechnical behaviour. It is 
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therefore essential that the role assumed by ground ice should be recog- 
nized and accounted for in analyses or design work involving frozen 
SOims-. 

In much of the literature dealing with frozen soils, the methods 
described for predicting movements and determining conditions of failure 
have been borrowed from classical soil mechanics. In unconfined compres- 
sion, the ice matrix invariably makes a primary contribution to a soil's 
Strength and to its resistance to deformation. However, it has been 
shown that the strength and deformation behaviour of ice-poor frozen 
soils depends to some extent upon the magnitude of normal or confining 
pressures. in soils which possess either massive or reticulate ground 
ice structure, frictional contact between mineral particles enables 
confining pressure to effect both shear strength and creep behaviour. 
Ladanyi (1974) has described the manner by which internal stresses “in a 
frozen soil can be distributed between the ice, unfrozen water, and soi] 
skeleton at various points in time. Similar concepts have been applied 
to the analytical solution of specific problems such as the bearing 
Capacity and settlement of both strip and circular footings (Ladanyi, 
1974; Ladanyi and Johnston, 1974; Ladanyi, 1975). These theoretical 
developments suggest that accounting for a soil's non-linear creep 
behaviour changes bearing capacity factors from conventional values and 
affects the rate and magnitude of settlement produced by any given load. 
Here and elsewhere, emphasis has been placed on the need to identify the 
components of both strength and deformation. This will enable the 
Subsequent interpretation of field or laboratory data by separate con- 


sideration of the various phenomena involved. 
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Specific mathematical models formulated to describe stress-strain- 
time relationships for ice and frozen soil have been discussed in the 
previous chapter. Existing experimental data could be used to verify 
the adoption of these models for routine use, but it should be noted 
that virtually none of the documented research has involved either quan- 
tification of field behaviour or testing undisturbed permafrost at 
Stress levels or temperatures which are pertinent to geotechnical engin- 
eering in the Arctic. More basic experimental (and probably field) 
information must be accumulated before designs involving frozen soil can 
be undertaken with confidence. 

Much of the published data that was discussed in Chapter II has 
limited value, as interpretations and conciusions offered by the majority 
of authors cited have been hindered by failure to account for fundamental 
aspects of strength or creep behaviour in frozen soils. A typical 
example of this sort of omission appears in Mellor and Testa's (1969b) 
Study where, after ignoring the process of transient creep, the authors 
have assumed that steady state conditions were established long before 
deformations came to be dominated by a stationary creep process. 

Errors like these can have serious consequences when others adopt pub- 
lished data blindly, and use it for their own purposes without first 
conducting a careful examination of its inherent quality. In this 
Particular instanc2, Mellor and Testa's (1969b) resuits suggest that ice 
subjected to relatively low stresses will reach steady state creep rates 
which are much faster than those derived from more reliable data which 
has been published in the interim (Barnes et al., 1971). Relatively 


simple techniques exist which enable one to separate the transient from 
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the steady state components of creep deformation. Flow laws can thus be 
developed with corsiderably greater accuracy. Similar criticisms could 
be directed toward descriptions of shear strength research on frozen 
soils. in this regard, experimental work has been largely restricted to 
cohesioniess soils, with tests conducted at relatively cold temperatures, 
fast strain rates and stress levels considerably higher than those 
encountered in routine practice. Although this sort of data is easier 
to obtain experimentally, it has only limited applicability in the 
solution of geotechnical design problems. Purposefully designing research 
programs to expediate laboratory testing and avoid difficulty, while at 
the same time failing to obtain data pertinent to design, is a practice 
that has yielded only small returns. 

To improve our ability to describe and predict the behaviour of 
frozen soils subjected to load, those so'! properties used in the various 
phenomenological and mechanical models must first be quantified. It 
follows that experimental studies undertaken to accomplish this should 
include an assessment of the behaviour of naturally occurring permafrost 
soils. These comments apply equally well to data collected in the 
laboratory or the field. The subsequent sections of this chapter describe 
laboratory tests performed on samples of undisturbed, fine-grained 
permafrost soil obtained from the Fort Simpson landslide sampling site. 
Discussions concentrate on the shear strength and creep behaviour Se 
hibited by this material in a temperature and stvess environment intended 
to simulate conditions which would probably be found in a natural slope 


or beneath a loaded foundation. 
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Laboratory equipment 


To facilitate performing direct shear tests on frozen soils, 
several changes were made on two Wykeham Farrance SBI machines. The 
testing was conducted inside a refrigerated laboratory in which ambient 
temperatures were maintained below 0°C. Controlling the room's air 
temperature proved insufficient to keep specimen temperature fluctuations 
within acceptable limits. Therefore, provision was made to circulate 
fluid from a constant temperature bath through the base and load cap of 
each of the shear boxes. To minimize side friction on the specimens, 
the boxes were lined with a thin sheet of Teflon, which reduced the 
final inside dimensions to 6.00 em by -6.00-cm (2.35 in. x-2.35 in.)s 

Figure 3.1 is a schematic layout of the apparatus which was used to 
conduct the shear tests described below. Lead weights placed on the 
load hanger assembly acted via the plunger to apply normal stress. A 
system of microswitches and relays was attached to the motor drive unit 
to atuomatically reverse the shear box's direction of travel once it had 
reached a particular displacement from the midpoint position. The first 
reversal occurred after approximately 1.0 cm (0.4 in) of movement. 
Subsequent reversals were separated by approximately 2.0 cm (0.8 in) or 
horizontal displacement. With the system of gears, 25 different speed 
settings were available, so displacement rates could be selected over 
more than three orders of magnitude. As a safety precaution, shutoff 


switches were installed to disconnect the power supply and stop the 
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drive motor in the event that reversal failed to occur at the end of a 
particular shear cycle. 

A load ram connected the upper half of the shear box to a load cell 
and reaction frame. The bracket supporting this ram was fitted with a 
Thompson linear bushing to minimize friction in the shear force measure- 
ment system. The lower portion of the box was located in a bronze 
Carriage trough running on ball tracks that were guided in ground and 
hardened vees. The samples were flooded with light paraffin oil instead 
of water. This minimized desiccation and avoided problems that would 
have arisen if samples had been degraded by the chemical action of 
aqueous solutions of antifreeze compounds like ethylene glycol. It was 
determined that surface tension forces would prevent the cil from intrud- 
ing into the pores of fine-grained frozen soils. A detailed discussion 
of the use of oi! in these tests is given in Section 3.4. Sintered 
stainless steel porous stones used in these tests were separated from 
the specimen by a single thickness of Whatman 54 filter paper. 

Horizontal and vertical movements were measured with linearly 
variable displacement transducers (LVDT's) to an accuracy of approx- 
imately 0.0008 cm (0.0004 in). Shear loads were measured with tem- 
perature-compensated electrical resistance strain-gauged load cells with 
a capacity of 10 kN (1000 1b) and a resolution of approximately 2N (5 
Ib). Atkins type #3 thermistors were used to monitor temperatures. 
Thermistor beads were submerged in the oil surrounding the soil specimen, 
and it was assumed that temperatures measured there would not be signifi- 
cantly different from actual sample temperatures. It was also assumed that 


temperature fluctuations measured in the oi] would exceed those actually 
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experienced by the test specimen which was situated between two heat 
exchangers. Therefore, temperature control achieved was probably better 
than the data indicate. Temperature records were checked regularly, 
and, when necessary, the circulator bath controls were adjusted to 
minimize departures from thermal conditions established at the outset. 
LVDT, load cell and thermistor output signals were conveyed to a data 
acquisition system which recorded displacements, shear loads and temper- 
atures at regular time intervals. 

Several other equipment modifications were required before adequate 
contro] of test temperature was finally obtained. An insulated cabinet 
constructed around the direct shear apparatus diminished the effects of 
fluctuations in room temperature but was stili not sufficient to obtain 
the degree of sample temperature control required. After trying several 
other arrangements, the best temperature control was finally achieved by 
increasing the volume of fluid circulated from the temperature controlled 


bath to the shear box heat exchangers. 


Materials and sample preparation 


At the time this research was initiated, undisturbed samples of 
permafrost were not available. A preliminary laboratory study was 
carried out to compare shear strengths determined for a reconstituted 
clay when frozen and unfrozen. The material used in this program had 
been excavated from a river bank exposure of dark grey, fissured clay 
near the mouth of the Mountain River, District of Mackenzie, N.W.T. 


(McRoberts, 1973). Its basic geotechnical index properties are summarized 
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in Table 3.1. To obtain a uniform structure, the soil was air-dried, 
pulverized, and slurried at a water content corresponding to a liquidity 
index of two. A vibrating table and the application of vacuum were used 
to remove air from the slurry before placing it in a 25 cm (10 in) 
diameter oedometer. The soil was then consolidated in stages to an 
effective stress of about 25 Uwe (3.5 psi) at which point the undrained 
strength was sufficient to permit handling the extruded soil as a block. 
By remoulding and reconsolidating the soil from a high liquidity index, 
it was felt that fabric differences existing prior to shear testing 
could be virtualiy eliminated. 

To prepare the soil for direct shear testing, specimens were trimmed 
from the block and transferred directly to the shear box. Freezing 
was prevented by circulating fluid at temperatures of 2 to 4°C through 
the heat exchangers. Norma! load was applied to consolidate the clay to 
an effective stress of 50 Gee (7 psi), which exceeded-the maximum 
pressure previously experienced by the soil. When consolidation was 
complete, the water surrounding the specimen was removed from the shear 
box. The sample was then flooded with light paraffin oi], then cold 
fluid (-10°C or less) was circulated through the base and load cap to 
initiate freezing. It was hoped that redistribution of moisture within 
the sample could be kept to a minimum by freezing the soil rapidly. 
Vertical deformations were monitored during this part of the test. Once 
the sample had been frozen, circulator bath temperatures were adjusted 
to achieve the thermal conditions selected for the test. The specimen 
was left at this temperature for two or three days to ensure that thermal 
equilibrium had been established throughout. The artificial 'perma- 


frost' specimens were then ready to be sheared. 
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A second group of tests was performed on natural permafrost cored 
from Zone 4 at the Fort Simpson landslide headscarp sampling sieve 
Geotechnical index properties characterizing this soil are given in 
Table 3.1. Direct shear specimens were prepared from 10 cm (4 in) 
diameter samples which had been cored with their long-axes oriented in 
the horizontal plane. Individual blocks were cut from the core with a 
power band saw, and an overhead milling machine fitted with a carbide 
insert rotary cutter was then used to trim them to the precise dimensions. 
Prior to testing, the sides of each sample were inspected and sketches 
were made to record any ice structure that was present prior to shear. 
External dimensions and specimen weights were elso noted. After seating 
each sample, normal stresses were applied and refrigerated fluid was 


circulated through the shear boxes to maintain constant test temperatures. 


shear testing procedure 


Prior to shear, the normal stress acting on the sample was increased 
to some predetermined value by placing additional lead weights on the 
direct loading frame. If the normal stress selected for a test was 
quite large, incremental load increases from the initial seating value 
were employed. Settlements were recorded for each increment of normal 
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| This sampling site and its geology are described in Chapter 5 


and Appendix A. 
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After the sample had reached a stable condition with prevailing 
temperatures and normal loads, the upper half of the shear box was 
raised slightly to leave a gap about 0.05 cm (0.02 in) wide. This gap 
determined the position of the shear plane that would form during the 
test. The gear train and driving motor were engaged to commence shear 
by driving the lower half of the shear box back and forth at a constant 
displacement rate. The load cell and reaction frame held the upper half 
immobile and shear loads produced by the differential movement were 
measured and recorded. During shear, horizontal and vertical movements 
were monitored with LVDT's. By plotting horizontal movements as a 
function of time, it was a simple matter to determine actual displacement 
rates occurring during the test. It was observed that these rates 
remained constant throughout the tests for each of the different gear 
combinations used in this study. 

Every specimen was subjected to a minimum of one complete shear 
reversal before it was removed from the apparatus. Following the first 
reversal, two of the tests were interrupted at the midpoint and subjected 
to an increment in normal stress. When settlement had ceased, shear was 
resumed under this increased normal load. Sample temperatures were 
checked regularly during each test and minor adjustments to the bath 
controls were made on an as-required basis to limit undesireable temper- 
ature fluctuations. | 

When the shear test was complete, samples were extracted from the 
box and wiped clean to remove the film of paraffin oil left adhering to 
the external surfaces. The specimens were then cut longitudinally down 


the middle with a band saw to expose any ice structure which might have 
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been generated by shear. Each of the cross-sections was sketched, and 
most of the soil slices were also photographed. Water content determina- 


tions completed the process of data accumulation for these direct shear 


ESSIES ¢ 
3.3 STRENGTH BEHAVIOUR FROM LABORATORY TESTS 
lypicabitesteresulits: 


To permit comparison of the strength of frozen and unfrozen clays, 
shearing characteristics were determined for each state by employing 
identical testing conditions, with the obvious exception of differences 
in temperature. During each test, a data acquisition system recorded 
shear load, horizontal! defermations, vertical deformation, and temper- 
ature. The data records were reduced with a simple Fortran program 
which tabulated the various quantities measured in the test. Figure 3.2 
shows a computer-drawn summary of results from one of the direct shear 
tests conducted on frozen soil. These curves are typical of data ob- 
tained from tests performed on either ‘artificial! or undisturbed perma- 
frost’ soils. 

Figure 3.2 indicates that shear stresses increased quickly and 
reached maximum values at relatively small shear displacements. This 
rapid shear stress build-up was usually accompanied by a slight increase 
in sample thickness (i.e. dilation). Vertical deformation recorded 
during shear was probably the result of volume changes occurring in the 


failure zone, but could have also been affected by temperature fluctua- 
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tions and load cap tilt. After reversing the direction of travel, 
sample thickness decreased to less than the pre-shear value, but indica- 
tions of dilation were usually observed as stresses built up during the 
second cycle of shear. Similar behaviour was observed with other tests 
on undisturbed Fort Simpson silty clay. 

Generally, vertical deformations occurring during shear were quite 
small and rarely exceeded 0.1 mm. Not all of the samples displayed 
dilatant behaviour during shear. Tests performed under higher normal 
stresses were usually characterized by volume decreases or settlement 
from the outset. Maximum temperature fluctuations recorded were typi- 
cally less than + 0.2 °C over test durations of up to three weeks. Kent 
Sued: (1975) have shown that smal] changes in sample temperature can 
result in consolidation, so it is conceivable that some portion of the 
vertical deformations recorded during shear were associated with phase 
change alone. However, settlements recorded in these shear tests were 
sufficiently small to justify dismissing any effect which temperature 
fluctuations might have had on the results. 

A feature of almost every stress-strain curve was the reduction in 
peak shear strength mobilized for each successive reversal. The trend 
is clearly demonstrated by data from those few tests which ran to five 
or more reversals. Possible causes for this chaéracteristic behaviour 
are discussed in a subsequent section of this chapter. | 

Accumulation of shear stress during the second and subsequent 
cycles of shear often faltered or lagged at a horizontal displacement 
corresponding roughly to the midpoint or starting position of the shear 


box. Following a brief plateau, the stress buildup resumed until a peak 
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was reached in that particular cycle. This peculiar shape is apparent 
with the shear stress-deformation curve shown in Figure 3.2. More 
striking examples of this behaviour can be found among other test 
results which appear in Appendix C. These flat spots developed on the 
stress-strain curve are caused by two shear mechanisms which operate 
Separately but simultaneously, and reach their individual peaks at 
different strains. Displacement rates indicated for each test were 
determined from actual rigid displacements measured during shear. 

After removing the samples from the shear boxes, it could be seen 
that most had experienced some extrusion. Ice and varying amounts of 
soil had been displaced into the gap separating the upper and lower 
portions of the shear box. Ice had also accumulated in the porous 
stones which, in the tests on undisturbed samples, had been completely 
dry at the outset. These observations confirmed the mobility of water 
in frozen soils by providing clear evidence that it had made its way out 
of the specimens under the combined influences of compression, shear and 
changes in temperature. Relatively warm testing temperatures were 
employed in these experiments. With some unfrozen water still present, 
it may be that some of the vertical movement recorded during shear can 
be attributed to consolidation processes in the frozen soil. Ladanyi 
(1975), Kent et al. (1975) and Brodskaia (1962) each have indicated that 
time-dependent volumetric strain accompanying a change in stress may be 
the result of hydrodynamic time lag during consolidation. Attempts to 
define consolidation properties from settlement curves recorded in this 


study proved unsuccessful. 


90 
Summary of strength data 


The first group of direct shear tests reported in this section was 
performed on samples of ‘artificially-prepared' permafrost. Considerable 
care was taken to obtain uniform soil fabric, stress, and thermal his- 
tories for these specimens. Figure 3.3 shows the strength envelope 
obtained from Series A, which involved testing unfrozen, reconstituted 
samples of Mountain River clay. A peak effective friction angle of 
26.5° and a small cohesive intercept equalling approximately 7 N/m (1 
psi) were indicated. Multiple shear reversals on both natural and pre- 
cut shear planes defined a residual friction angle of 23° that is consist- 
ent with predominantly illitic mineralogy and published relationships 
between residual strength and plasticity (Mitchell, 1976). 

Series B consisted of five direct shear tests performed on samples 
identical to those used in Series A, except that they were frozen. 

Figure 3.4 shows the strength envelope obtained from these tests. 
Stress-strain curves from the different tests exhibited remarkable 
uniformity. This similarity was probably due to the virtually identical 
soil and ice structure which these specimens possessed. It should be 
noted that sudden commencement of cold fluid circulation through the 

heat exchangers was very effective in producing rapid soil freezing. 
This procedure ensured that similar ice structures were developed in 

each sample prior to shear. Inspection of longitudinal sections revealed 
that during the early portion of freezing, small lenses formed parallel 
to the top, bottom and sides of the By box. Because the freezing 


plane advanced inward from the heat exchangers, ice lensing assumed a 
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predominantly horizontal attitude. The internal ice structure present 
prior to shear could not be observed directly: it was therefore impossible 
to determine with any certainty, which of the post-shear lenses had 

formed solely as the result of shear. 

The strength envelope shown in Figure 3.4 exhibits slight nonlin- 
earity. Nevertheless, the average friction angle indicated was essen- 
tially identical to that determined for the same soil in an unfrozen 
state. Higher normal stresses were used in the tests on frozen soils to 
improve the definition of the frictional and cohesive components. 
Fitting a straight line to the Series B envelope for normal stresses 
between 100 and 300 kN/m> indicates a friction angle of 26 to 27°. This 
value agrees with the peak angle shown in Figure 3.3. Dissecting these 
samples after shear revealed a distinct horizontal, and-apparently 
continuous ice lens occupying what~appeared tc be the principal! shear 
plane. However, there was no way of determining whether this ice lens 
was a result of shear distortion in the soil. The samples could all be 
cleaved with relative ease along this ice lens, and although some slicken- 
sides were observed, it appeared that few secondary shear structures had 
developed. 

in all of the Series B tests, strength continued to decrease with 
each reversal. None were continued beyond one or two reversals, so a 
‘residual strength! envelope could not be constructed. The failure: 
envelope shown in Figure 3.4 indicates that a geometric cohesive inter- 
cept of 130 Nn (18.9 psi) was obtained with a rigid displacement rate 
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Specific surface area measurements performed on the Mountain River 
clay gave a total surface area of approximately 300 ga This value 
seemed abnormally large for a material with clay-sized component of 55%, 
a liquid limit of 50% and composed predominantly of non-expanding clay 
minerals. A comprehensive x-ray diffraction analysis of the clay frac- 
tion revealed that although discrete montmorillonite was only present in 
trace amounts, a significant portion of the minerals previously identi- 
fied as illite were actually interstratified montmorillonite-hydrous 
ide The clay sizes thus contained a total expansible component of 
approximately 30%. The anomalously low liquid limit obtained for Mountain 
River clay may be consistent with behaviour observed with mixtures of 
pure Mg-illite and Naerantronctlonices However, strength data for this 
Same mixture of minerals indicates that residual friction angles measured 
for these soils would normally be considerably lower than 23° as the 
montmorillonite fraction dominates strength behaviour when present in 
amounts exceeding 10%. The 20° residual angle measured in this study 
remains as an unexplained peculiarity of the geotechnical. behaviour of 
Mountain River clay. The higher friction angle is probably the result 
of illite and montmorillonite occurring as mixed-layer clays and account- 
ing for only 40% of the soil solids in Mountain River clay. 

With specific surface areas as high as 300 ce there is little 
doubt that significant quantities of unfrozen water will be present in 
the frozen clay at temperatures as warm as -!] to -2°C. On the basis of 


phenomenological relationships developed by Anderson and Tice (Toy 20. 


toe Pawluk,S. 1972. Personal communications, 


Quigley, R. 1973. Personal communication. 


yets efirendnesy redien iw sane: pene, ‘mare, 508,492 nim 
yen? vata ats 70, ahaylone, not aganeUe, er ov jenediongna biel 
nt Sheri yita env axing eer er dquortsie,, sat 2 ate _ 
“haat Teaming 2! alenanis ait fo. Agvig7¢9 | sos2Tineteg 8m 1G" 
biverrtavit=sir4 pal 1 : fags Hom. neste cf das as ad saith la i ; . * 
to 5 eproKunee otd Teams betert & Weal ened ayia gos le, ge ot! a 


‘ we ee 
ATS1 pao ret bapkeane ‘vigil biuptt: wot ipa, att $05. yi 


Pian. ve 

th Peg iit iP a savy aada. saeeveli Hit tw Herter gues ae 1, wala penis | beck ? 

eis “ah cies) dipneite “Tavera! asent Tgrey oni be ot Pht tape. ewig. 7 
) Softies oe 

berires or 4 hae odh i: a2 feubl ees tens sadedibod, ef @rog it an SERIO aR is 

“se Beth ae 


ani 262° ES ens Pe jawok xi¢d dergbienee Be. eh Lagan: Pye siege 2 


ere Tie 
= i te 


vo 
07 StimeSa4 Gane We Pyatlnd digt #9 he F358 way neti toe0% nate 
"s a) : ; - 7 esnuomp 
fous #idij 9) bo iesam atping Leusiesy "Ye sat abit, gai besone 2 ynuome 


> Piet i 7 


ta TEP RBe ips) iizedioea ants 19. 43 thi hao Soo lalgxbon ng 36 anism? 
> VPs eaieat a 


a huss att yidedovy 2) sipne gi da.at - odo A “yale vavil, 


*SARGTIB |b) cain) ~hese lin; 26 grit. AY nol Fupmaner hen | 
tals TsviA nos RUM: wi Lh. Liga. ont ip AO vine » 

oUNEAS: ai. arent aN ci ak at, ein 3%, gernecsiin sien ' 

re snedeng aa ht Typ raat pea ay te, astehineee aa Mews & 


*e ners ott eo , ar @ be! 2B ae 


esyelh ait, one ergs e q | mi. 
ithe ae. ve 
ae \ ; a 
S , ae ; 7 ; ; Ris i, * rs, - 7 ; 

2 - — : rat / ? sa 
2%, Lal ~ at of) a 
— ' : = 7 / 7 i ane 
fai S691 mmeeS mae isnarnet. } 
: ae iy 
D ra 7 7 ‘ 
. 


93 
the unfrozen water content for this soil has been estimated at approx- 
imately 20% by weight of dry soil for a temperature of -1°C. Therefore, 
a substantial portion of the water retained in the blocks of soil which 
occupy positions between ice lenses probably exists in the liquid state. 
This unfrozen water is one possible source for the ice which appears to 
accumulate along shear planes formed in frozen soils. 

It was apparent that performing similar shear tests on specimens 
carved from undisturbed permafrost core would provide a better oppor- 
tunity to document any ice structure that was present prior to shear. 

An adequate assessment could be obtained by examining the lenses of 
segregated ice exposed on the sample's exterior. Triaxial shear strength 
data had been obtained for silty clay from Zone 4 at the Fort Simpson 
landslide headscarp (see Chapter VI): therefore, this material was 
adopted for additional research on the frictional behaviour of fine- 
grained frozen soils. Results obtained from tests using this material 
constitute one of the few instances where the strength of an undisturbed 
permafrost soil has been documented, particularly for warm temperature 
conditions and very slow rates of strain. 

Figures 3.5, 3.6 and 3.7 show strength envelopes obtained by shear- 
ing the Zone 4 soil at three different rates of rigid displacement. An 
attempt was made to keep the specimen temperatures constant between ~- 
T.4°G and -1.5°C during shear. Data points plotted on these figures 
correspond to the peak shear stresses measured curing the first cycle of 
each test, with exceptions as noted. In two different tests, shear 
displacement was halted when the midpoint was reached in the second 


shear cycle. The normal stress was then increased and some time passed 
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before the tests were resumed. The open circles on Figures 3.5 and 3.7 
indicate the peak strengths measured during the second half of those 
shear cycles. Changes in normal stress have been noted on the stress- 
deformation curves for these tests (see Appendix C). 

The peak strength envelope in Figure 3.5 indicates a friction angle 
of about 23° for the tests conducted at the slowest of the three strain 
rates used. This agrees with the effective friction angle of 23 to 24° 
that was obtained for this soil when thawed (see Section 6.5). The 
failure envelope defined by the triaxial testing was nonlinear, so the 
effective friction angle quoted above corresponds to the portion where 
effective stresses exceed 200 ae (30 psi). Other direct shear tests 
on frozen soil were performed at faster displacement rates. Failure 
envelopes for these tests indicate some frictional response, but Figures 
3.5 and 3.6 suggest that the friction angles decrease as the strain rate 
is increased. 

Figure 3.8 shows apparent cohesive intercepts plotted against time 
to failure for the Fort Simpson silty clay and for 20-30 mesh Ottawa 
sand (from Sayles, 1973). This form of data presentation is a modifica- 
tion of the method used by Vialov (1962) to describe the time-dependent 
uniaxial strength of frozen soils. Test results from both sources show 
the geometric cohesive intercept decreasing with increasing time to 
failure. This relationship implies that with sufficiently slow strain 
rates or long times to failure, an increasing fraction of the tota! 
shear strength can be attributed to frictional mechanisms. Behaviour 


observed in this study is consistent with Vialov's (1962) and Vialov and 


Susherina's (1964) findings which were discussed in Section 2heand 
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substantiates predictions made by Ladanyi (1975). These authors have 
attributed the cohesive component of shear strength in frozen soils 
entirely to the time-dependent strength of the ice matrix. It follows 
that the dependence of cohesion on strain rate (time) and temperature is 
directly related to resistance offered by the ice phase during shear and 
deformation of frozen soils. 

Most of the differences between the apparent cohesion for sand and 
clay in Figure 3.8 can be explained by differences in test temperature. 
Different soil porosities may also be responsible for some portion of 
the gap between these two lines. Also, the Fort Simpson silty clay 
almost certainly contained a significant amount of unfrozen water and 
each sample had several through-going veins of segregated ice. 

For a time to failure of 90 to 100 hours, the cohesive intercept 
from the Mountain River clay, Series 8 tests (Figure 3.4) falls slightly 
below the value determined for Fort Simpson silty clay under similar 
testing conditions. This lower cohesion is probably the result of a 
remoulded soil structure and slightly warmer test temperatures associated 
with Series B. It appears that for longer times to failure, the apparent 
cohesive intercept tends to zero, regardless of soil type. As this 
occurs, effects associated with differences in soil texture, density, 


structure and temperature apparently diminish. 


Shear-induced fabric 


In the preceding, reference was made to certain structural features 


which had apparently developed during shear. These fabric changes were 
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accentuated by the thin ice lenses which accumulated along the various 
shear planes. Inspecting interior longitudinal sections obtained at the 
end of shear revealed distinct ice segregations and sketches were made 
of each specimen. Post-shear ice structure was then compared to the 
sketches of segregated ice structure which had been exposed in the 
exterior faces prior to testing. 

Figure 3.9 shows cross-sections of all of the specimens of silty 
clay from the Fort Simpson landslide headscarp which were sheared in 
this study. Most of the specimens exhibit a nearly continuous ice lens 
occupying what appears to be the principal shear plane. Numerous other 
lenses were visible along lesser shear structures which tended to be 
concentrated in and adjacent to the shear zone. The orientations of 
these fine lenses suggested shear features that were similar to those 
which are known to develop in conventional direct shear tests (Morgenstern 
and Tchalenko, 1967a, 1967b, Tchaleriko, 1968). Riedel shear zones were 
observed in most of the samples and some thrust features extended wel] 
away from the principal shear zone. These thrust shear zones seemed to 
have developed best in specimens subjected to large cumulative horizontal 
displacement (e.g. FS-08 and FS-16). 

The degree to which accumulation of ice lenses enhanced shear 
structures appeared to be intensified by having distinct ice lenses 
present prior to shear. Naturally occurring ice lenses functioned Seas 
source for at least part of the water that eventually made its way into 
the shear zone. Examples of specimens which are thought to have developed 


thicker or more numerous ice lenses in their shear zones because of ice 


present: at the outset*are’FS-04, “FS-07, and @FS=G9. “Im particular, the 
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latter developed an ice-rich zone at the point where the principal shear 
plane intersected a natural ice lens. 

Examination of the soil surfaces adjacent to the ice-enriched shear 
zones revealed that slickensides had developed in every sample. These 
polished surfaces were observed along both the principal shear planes 
and many of the thrust shear zones which extended into the relatively 
intact soil. After drying, it could be seen that high spots on the 
principal shear planes had become noticeably glossy. Selected examples 
of shear plane surfaces were viewed at high magnification in a scanning 
electron microscope. A thin layer of highly oriented particles had 
formed along the shear plane. Within just a few microns of that surface, 
however, the undisturbed soil fabric had been preserved intact. There- 
fore, it appeared that the oriented fabric developed by shearing action 
in these frozen soils was restricted to a thin tayer immediately adiacent 
to the shear plane. It was not possible to determine whether the particle 
orientation had been produced by mineral contacts during the early 


stages of shear, or whether the polishing was caused by differential 


movement between the ice and soil as horizontal displacements accumulated. 


The cross-sections in Figure 3.9 suggest that increased water 
contents might be expected in the immediate vicinity of the shear zone. 
After each sample had been sectioned longitudinally, the shear zones 
were cut away to compare their water contents with those obtained for 
the remaining soil. Water content profiles obtained this way are summar- 
ized in Figure 3.10. A band saw was used to section the samples, and 


some specimens were cut into as many as five separate layers. The 
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majority were sawed into three sections, simply separating the shear 
zone from the top and bottom of the specimen. Deviations from the 
average water content are shown in Figure 3.10. Water contents were 
usually higher in the vicinity of the shear plane, and this increase 
apparently occurred at the expense of the rest of the sample. Since 
light paraffin oil was used to flood the specimens during shear, there 
were no external sources for providing this ‘extra’ water. It should 
also be noted that the material extruded along the shear plane consisted 
mainly of ice and was not included in the shear zone water content 
determinations. 

At the relatively warm test temperatures used, the migration of 
unfrozen soil water could be responsible for the changed conditions 
observed. Intact soil peds situated within the network of ice lenses 
were actually quite dense and may have exhibited dilatant behaviour when 
subjected to shear. It is well known that negative pore pressures can 
develop in a dilating soil and such a phenomenon may have been respons- 
ible for attracting water to the shear zone. The process of water 
migration toward shear zones in frozen soils has important engineering 
implications. On the basis of features observed during this study, 
extrapolation to field conditions suggests that sustained shear movements 
along a well-developed rupture surface could produce an accumulation of 
ice and contribute to a progressive deterioration of the available shear 
strength. This would probably be accompanied by displacement rates 


approaching those observed for pure ice. 
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Components of strength 


Experimental results described in the preceding sections are in 
general agreement with shear strength concepts for frozen soils which 
were described in Chapter I!. Test data reported there demonstrated 
that shear strength of frozen sand exhibited identifiable frictional and 
cohesive components. The experiments performed in connection with this 
study were designed to explore the strength characteristics of frozen, 
fine-grained soils at temperatures and strain rates approximating those 


encountered in the geotechnical analysis of slopes or loaded foundations. 
g Nf f 


Figures 3.3 to 3.7 show that if frozen clays are sufficiently dense 
so that mest of the shearing occurs through intact soil rather than ice, 
then the frictionat component of strength wi!! depend directly upon the 
normal stress or confining pressure. The friction angle determined from 
samples sheared at the slowest rate was the same as that obtained from 
triaxial tests on the same soil after thawing. Increases in strain rate 
were accompanied by an overall increase in strength, but the friction 
angles tended to decrease. 

Previous studies (e.g. Neuber and Wolters, 1970) had invariably 
concluded that frozen clays exhibited a negligible frictional response _ 
to changes in confining pressure. The strength envelopes shown in | 
Figures 3.3 through 3.7 clearly indicate that the opposite is true. 
However, it appears that very slow strain rates must be employed before 
a definite frictional response can be identified. Ladanyi (1974) has 


suggested that a finite interval of time must follow the application of 


Ae 
id Pi ser halt io et sy -satheana 


ve | een 
e 


es 


: us ae - 


cela aif hae api? wee 2 eanog sol 

Y hainera aromeb want ie pee ries net sntennes ni . 
bam, te ouida! ntagtited Bis Noi <n Fe Mone na % . 
etek as Nive tities Pesents nd owe os siga Saab aice att > Senha 

ase? Fe Pybay iM yaqn ges A Nine: waa ercibepae td ee 
Seah) pos tent Sans fattee is se bas @eiuse Me FH ati de baittetgoaaeY 


ene daUn ae ) -behond 16 sequel: to cites lasimiseiosg one AT ae 


: es Lm 
iyi : 2 of ms te as, =| 4 out eg ¢ . ae “ ian. “e. ee ae oe 
Z _ 


sere eit ciara Pave a76*alelor noms? Sate one {5g “oe reneged - 
Realy omit ~ehyaw tae) 3s Shot tri Qeueatyey) sporoh qt webae papier tenor 
‘eet bathe eer ld nee sop keris say a vreau, parka’ tad: va- son Whoa 4 
“ert ts bart ides eat ee gos oe sek Foe Meryot a ant te borsenenatane 7 
2G" pieyte OU ape Ro) Sot vail t ed ee hee sings’ Ae noieseen teinata 
“ ROT AGIND eT aod TENA re AT eben Sat Phe ‘anti "rd 
Lied ia dal tind (OGO) veto tte tak yeduen 2p By’ eons eabnand 57 
onneied eerie et Y PidiePoen e He fits ieeela? pangs 
niet saqokeihe Htets ada edt * iin: ‘pect io: Wit ee 

> BRT BE: arenes Sinha papatiaeridt ate 0H 
otitad Bae Lani “ye euenttiectae cts Ai a Santhesied 
gait sony 1 bide iat beastie x ite 


weds many welt aime Seesok Heli tates lee | serene” 


a 7 


100 


stress before a frozen soil's behaviour can be resolved in terms of 
effective stress concepts. He also states that stresses initially 
carried by tne ice matrix must be dissipated by creep before the soil 
skeleton can fully assume the hydrostatic and shearing stresses applied. 
This transfer of stress must be a time-dependent process since it is 
governed by creep. Therefore, mobilization of friction at the soil 
particle contacts can occur only if strain rates are sufficiently slow 
for creep deformation in the ice matrix to permit the soil skeleton to 
assume most of the applied stress. Even. if each soil grain is completely 
coated with ice, stresses at the contact points will be large enough 
that, with the passage of time, creep and regelation may displace the 
ice and give way to a solid contact between mineral particles. 

At lower mean stresses, the shear strength of frozen clays will de- 
pend mainly on the cohesive nature of the ice matrix, particularly if 
rates of shear are fast. As stress levels are increased, the cohesive 
component may constitute a decreasing fraction of the total strength. 
Alkire and Andersland (1973) have observed that ice occupying pore 
Spaces in frozen sand inhibits the development of frictional resistance, 
so that friction angles measured may actually be smaller than those 
obtained for the same soil in an unfrozen state. They have argued that 
the combined effects of high confining pressure and particles being 
restrained by the ice matrix tend to retard any tendency for volume 
change. A decrease in the component of strength normally associated 
with dilatancy thus tends to reduce the measured friction angle. That 
similar behaviour was not observed in the shear tests on frozen clay 


reported here, was probably the result of smaller pore sizes and the 
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presence of unfrozen water in the soil. Results suggest that at the 
slowest rate of strain, shearing resistance offered by the ice matrix 
was so small that it was possible for the full effective friction angle 
to be mobilized. 

Figuress 3.6: andiaiy show thatwatefastersstrain rates,-apparent 
friction angles were less than the effective friction angle for the 
thawed soil. Figure 3.5 demonstrates that this same friction angle can 
be duplicated under frozen conditions by conducting shear at sufficiently 
slow rates of strain. Sayles (1973), on the basis of tests on Ottawa 
sand, concludes that long term strength is a function of the effective 
angle of internal friction which can be determined by performing simple, 
Standard tests on the unfrozen sands. 

An indication of volume change was obtained by measuring the 
vertical movement of the load cap. Some portion of the volumetric 
Strain can be attributed to sample extrusion and phase change associated 
with temperature fluctuation. However, the vertical movements do pro- 
vide a crude indication of volumetric straining occurring due to shear. 
Review of the test results shown in Appendix C, Table C.-, permits the 
following general observations: 

1) During the first cycle of shear, volume changes were small and 

usually positive. 

2) With sustained shearing, volume changes became negative as dite 

result of extrusion. 

3) Immediately following each reversal, small volumetric in- 


creases were usually superimposed on a typically decreasing 


trend. 
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Since the volumetric strains were small, it follows that the contribution 
of dilatancy to strength will also be small. 

The accumulation of ice in the shear zone suggests that some dilea- 
tion maybe the result of redistribution of water on a micro scale: 1t 
may be possible to apply some of the concepts which Boulton (1975) has 
used in describing basal shear in glaciers, to ice structures observed 
in the test specimen shear zones. He has attempted to show that voids 
located downstream of protuberances on an undulating shear surface may 
become sites for the accumulation of ice by the process of regelation. 

Figure 3.11 illustrates an ice lens observed in a section of core 
that was removed from the headscarp of the Fort Simpson landslide. The 


features noted within this core show several similarities to fabric 


developed along shear zones in the laboratory study. It is not possible 
to determine the origin of an apparent displacement discontinuity in 
this core. In this instance, a through-going ice lens appears to have 


been rigidly displaced (post-contemporaneously) along either side of a 


thin ice Tens*which has’ tentatively been identified as am inysitu shear 


plane. Slickensides were observed where the soil surfaces had contacted 
the foliated ice. 

On a larger scale, an unusual accumulation of ground ice and evi- 
dence of intense shearing have been observed in several undisturbed 
permafrost cores obtained from a borehole located on the valley wal} ae 
the Great Bear River near Fort Norman, neers. The elevation of this 
sampling interval corresponds exactly with a zone where inclinometer 


measurements indicated that sustained shear movement has been occurring 


for more than a year. 


Savigny, K.W. 1976. Personal communication. 
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On the basis of these two examples, it appears that ice structures 
and slickensides observed in laboratory test specimens compare well with 
in situ shear zones encountered in fine-grained permafrost soils. 

Figure 3.8 suggests that geometric cohesive intercepts from strength 
envelopes obtained at different rates of strain can be described with an 
expression of the form proposed by Vyalov (1962). This relationship 
(which appears in this thesis as Equation 2.12) may not be rigorous, but 
the data do seem to fit it reasonably well. 

Some of the literature discussed in Chapter II has suggested that 
it may be possible to relate the geometric cohesive intercept directly 
to the flow behaviour of polycrystalline ice. Figure 3.12 illustrates 
an idealized cross-section of a direct shear specimen. If a distinct 
shear zone can be identified, it can be assumed that distortion within 
that portion of the specimen can be approximated by a condition of 
simple shear. Shear strain rates can then be computed from the rigid 
displacement rates imposed in each test. The shear box configuration 
must be resolved in terms of effective stresses and strain rates (Nye, 
1953) before any relationship between the cohesive intercept and strain 
rate can be assessed in terms of the constitutive relationship that is 
summarized in Figure 2.1. 

The sketches shown in Figure 3.9 indicate that a well-defined shear 
zone can be identified in each of the direct shear specimens. The 
approximation proposed in Figure 3.12 therefore seems quite reasonable. 

To permit comparison with the behaviour of ice, measured displacement 
rates and cohesive intercepts were converted to effective strain rates 


and stresses. These strain rates were subsequently used to extract a 
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corresponding effective shear stress from the flow law for ice given in 
Figure 2.1. Stresses thus determined could presumably be equated to 
those required to produce an identical rigid displacement rate if pure 
ice were being tested in the shear box. Prior to shear, ice along the 
shear plane was largely restricted to pore spaces. Therefore, shear 
stresses predicted from the flow law required some adjustment to account 
for actual distribution of ice. It was assumed that the pore ice.carried 
the same shear load on a reduced shear plane area, so a correction was 
made by multiplying the flow oe stead Stress times the average soil 
porosity to estimate the cohesive intercept. Clearly, this approach was 
approximate at best, and only served to obtain a crude estimate of the 
magnitude of shear stress carried by the ice matrix. Continuous ice 
lenses on the shear plane were not considered since it was felt that 
some time and displacement were required to develop these features. 

The average water content of the 16 specimens tested was 30%. 
Assuming complete saturation, ae corresponds to an average porosity of 
about 0.45. Table 3.2 has summarized these calculations and presents a 
comparison of the measured and 'predicted' cohesive intercepts. Agree- 
ment was good at the two slowest strain rates, but the calculated intercept 
for the fastest rate exceeded the experimental value considerably. 
Differences between the predicted and measured cohesive intercepts were 
expected since several assumptions and simplifications had been made. | 
Even with the discrepancy at the fastest strain rate, it appears that 
reasonable estimates of shearing strength can be made if the conditions 


of stress, temperature, and strain rate are adequately defined. 
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3.4 ISOTHERMAL CONFINED CREEP TESTS ON FROZEN SOILS 


An entirely different experimental program formed the second por- 
tion of this study of the geotechnical properties of frozen fine-grained 
soils. Laboratory testing consisted of observing the creep behaviour of 
undisturbed specimens which had been subjected to a long-term application 
of constant stress under isothermal conditons. The soil specimens used 
in this study were trimmed from core segments of the same silty clay 


used in the direct shear program. 


Laboratory apparatus 


A specialized apparatus was constructed that was capable of apply- 
ing a constant stress, maintaining it over long pertods of time, measur- 
ing axial deformations, and controlling fluctuations in sample temperature 
within acceptable limits. A sectional view of the modified triaxial 
cell used for these isothermal creep tests is shown in Figure 3.13. 
Modifications to suit the specific requirements of this study included 
the installation of friction-reducing surfaces on the load platens, heat 
exchanger coils to provide temperature control, and a thermistor probe 
to monitor temperatures during the test. 

Axial loads were applied with a Bellofram air cylinder actuated on 
a pressure-regulated air supply. Various Beilofram sizes were used to 
obtain the magnitude of axial load required in a particular test. The 


air cylinder connecting rod applied axial stresses via a steel bal] 


resting in a recess at the end of the creep cell load ram. Thompson 
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linear bushings were used to guide the load ram and minimize shaft 
Friction. 

Initial attempts to use conventional natural rubber membranes with 
aqueous solutions of methyl alcohol or ethylene glycol were not success- 
ful. While these fluids satisfied the necessary freezing point depres- 
sion criterion, they invariably caused chemical damage to the membrane. 
The cracking, blistering and crazing often resulted in small amounts of 
leakage which were sufficient to damage the sample. Direct leakage and 
diffusion occurring through the rubber produced significant amounts of 
ice corrosion and sample deterioration over the lengthy test durations 
required in this study. 

To*decréase “the risk of <aborting a test in its terminal<stages, 
light paraffin oi] was used to apply confining pressures within the 
creep cell. - Although the oil was messy to work with, it caused no 
visible adverse effects. Laboratory trials were conducted to assess the 
potential for intrusion into the soil during prolonged tests. As part 
of this preliminary study, cell pressures were elevated well beyond the 
range intended for use in the creep tests. No intrusion was observed 
during these trials so the paraffin method of applying confining pressure 
was adopted. As an added precaution, a spray bottle was used to apply a 
thine’coat of icetto allvorethe test sspecimens before placing them in 
contact with the oil. A technical note published by Iverson and Moum 
(1974) later confirmed the decision to use oi] as a confining fluid. 


Their work demonstrated that rubber membranes need not be used in triaxial 


testing if: 
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1) The cell fluid is immiscible with the soil pore fluid; and, 
2) The interface between these, fluidéias stable wnder the -pre- 
vailing conditions of pore geometry and applied cell pres- 
sure. 
A physical assessment of the pressures required to cause oi] to flow 
into the soil pores indicated, that for clays, the oil-water interface 
could conceivably sustain pressures as great as 10 atmospheres before 
intrusion would occur. Therefore, a frozen clay with ice in its pores 
should be capable of withstanding similar pressures without the risk of 
intrusion. Cell pressures were controlled by regulating air pressures 
applied to an oil-filled reservoir outside the cold room. 
The creep cells were located inside a controlled environment lab- 
Oratory where ambient air temperatures could be maintained between -1 
and -2°C. To decrease fluctuations in sample temperature, an aqueous 
solution of ethylene glycol was circulated from a constant temperature 
bath through a set of heat exchanger coils mounted. inside the cell. 
Figure 3.14 shows a schematic layout of the apparatus used in the creep 
testing program. To diminish the effects of air temperature fluctuations 
occurring in the cold room, a closely fitted, insulated cabinet was 
constructed which completely enclosed the loading frame and creep cells. 
The exterior of the creep cell was also covered with a layer of Styrofoam 
insulation. An Atkins Type-3 thermistor cemented inside a piece of | 
stainless steel tubing was inserted through a Swagelok fitting and 
monitored cell fluid temperatures adjacent to the test specimen. It was 


felt that a good approximation of the actual soil temperature could be 


obtained by measuring fluid temperature at the sample mid-height. 
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Axial stresses were determined indirectly with an electric pressure 
transducer by measuring the air pressure acting in the Bellofram. Each 
of the Belloframs was calibrated with a load cell to establish relation- 
ships between air supply pressures and the resulting piston force. 
Valving was arranged so that both cell pressures and axial loads could 
be measured with the same transducer. The resolution of this instrument, 
when combined with the air pressure regulation, permitted determination 
and control of the axial stress to within 0.1%. A Hewlett-Packard 
24DCDT linearly variable displacement transducer (LVDT) clamped to the 
axial load ram was capable of measuring deformations to an accuracy 


exceeding 7.5 x 10 4 cm (3 x 107! 


in). Output signals from the pressure 
transducer, LVDT's and thermistors were monitored and recorded at speci- 
fied time intervals with a data acquisition system. Information thus 

obtained included a record of axial deformation as a function of time, 

and permitted a review of the temperature control, axial loads, and cell 
pressures throughout each test. Temperatures were checked manually on a 
regular basis and when slight deviations were detected, the refrigerated 


bath was adjusted accordingly. This procedure made it possible to 


maintain nearly isothermal conditions throughout each test. 
Materials and sample preparation 


Samples used in the creep studies were trimmed from core which had 
been extracted from Zones 3 and 4 of the Fort Simpson landslide headscarp 
(refer to Appendix A, Figure A.6). Specimens containing typical, randomly 
oriented, reticulate ice structure were selected for the tests. The 


index properties of this soil are given in Table 3.] 
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To ensure a relatively uniform ice structure within each sample, a 
maximum length of about 12 to 13 cm was adopted since longer specimens 
usually contained single thick ice lenses. The core was trimmed to a 
testing diameter of 10 cm (4 in) with a small soil tathe. An overhead 
milling machine was then used to trim the sample ends parallel to each 
other. Each specimen was sprayed with a fine mist of water to completely 
cover 1h with a thin»coat@or ice. “Apartidtiom functioning as.an orl— 
proof membrane during the creep testing, encapsulating the samples in 
ice also retarded desiccation which might have otherwise been caused by 
sublimation during storage. Specimens stored for any length of time 
between preparation and testing were wrapped carefully and sealed in 
double polyethylene bags. 

Since specimen lengths were less than the normally adepted minimum 
of twice the diameter, it was felt that lubricated load platens should 
be used to reduce end friction during the tests. Previous research has 
shown that using friction reducers at either end of short soil specimens 
is an effective means of duplicating strength results obtained in tests 
with conventional sample lengths (Rowe and Barden, 1964; Duncan and 
Dunlop, 1968). Lubricating the load cap and base pedestal required the 
use of centering pins to restrain the specimen from lateral movement 
following the application of axial load. Shallow holes drilled in 
either end of the creep specimens accepted pins which had been fixed at 
the center of each load platen. Specimen weights, dimensions and externally 
visible ice features were all recorded prior to set-up. As water contents 
determined from pieces trimmed from the ends were seldom representative, 


bulk density was adopted as the basis for comparing specimens. 
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Creep testing procedure 


Setting up the isothermal confined creep tests was performed 
entirely within the confines of the cold room. Once the equipment had 
been cooled to subfreezing temperatures, the load platen surfaces were 
prepared with surface lubricants. Figure 3.15 shows a sectional view of 
the base pedestal with details of the friction reducing precautions. 

The contact. surfaces of the pedestal and load cap had been covered with 
a thin sheet of Teflon. This was coated with an even film of Dow- 
Corning high vacuum grease. A second film of lubricant containing 
molybdenum disulphide was then applied. Finally, a thin sheet of neo- 
prene rubber was placed on top of each lubricated surface to separate 
the sample from the grease. Neoprene membranes were used in preliminary 
testing, but adopting oil as a confining fluid eliminated the necessity 
to jacket the specimens so their use was discontinued. 

Once the load platens had been lubricated, creep specimens were 
located on the pins and set up with the load cap in place... The upper 
half of the creep cell was then lowered and clamped onto the base to 
make a seal. Circulation of refrigerated fluid through the heat ex- 
changers was commenced while the cell was being filled with paraffin 
oil. It should be noted that prior to each test, the thermistor probe 
calibration was checked against an ice bath at 0°C. The temperature 
sensor was then lowered into position through a Swagelok bulkhead adaptor 
and, as a last step, the exterior of the cell was enclosed in Styrofoam 


insulation. 
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A small axial stress was applied to seat the load platens against 
the test specimen. Valves were then closed off inside the cold room so 
the cell pressure and axial stress could be adjusted externally without 
applying any load to the sample. The air pressure regulators used to 
control these stresses were located on a control panel outside the cold 
room. This arrangement avoided problems which were encountered with the 
condensate freezing and interfering with normal operation when the 
regulators had been located in a sub-freezing environment. Once the air 
pressures had been set at appropriate values, cell pressure and axial 
load were controlled by opening valves on lines located inside the cold 
room. Cell pressures were applied a minimum of three days prior to 
increasing the deviatoric stress and initiating of creep. This provided 
some time for adjusting the test temperatures and allowing the sample to 
reach thermal equilibrium. 

The creep tests were usually run with two cells set up side by side 
in the same load frame and enclosed within a single insulated cabinet. 
Once the load platens had been seated, LVDT's were clamped to the load 
rams on each cell. Following adjustments to the LVDT output voltage, 
the insulated cabinet was closed and sealed. When conditions were 
considered stable, initial readings were taken and the valve controlling 
the Bellofram was opened which resulted in the sudden application of 
axial load. Air pressure in the Bellofram built up to the desired level 
within a matter of’ a few seconds. During each creep test, cell pressures 
and axial loads were checked for constancy at intervals of one to two 
days. The axial load was adjusted periodically to account for changes 


in the cross-sectional area that was calculated from axial strains by 
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assuming that the sample volume did not change. Deformations occurring 
over time intervals of several days were normally quite small, so a 
constant axial stress (+ 0.5%) could be maintained quite easily. 

Records of the test data were subsequently reduced with a simple 
Fortran program. Small temperature fluctuations seemed to cause irregu- 
larities in the time-deformation curves. To avoid the difficulties 
which these would cause in computing strain rates, a five-point moving 
average was employed to smooth the data. Figure 3.16 shows how effect- 
ively this technique removed the irregularities induced by temperature. 
Strain rates were determined continuously in the data reduction process 
by numerically differentiating axial strain with respect to time. 
Standard relationships were employed which used strains measured at 
three successive points in time and calculated the rate at the center 
point for each increment of time. Interpretation of the data was facili- 
tated by using graphical displays of various combinations of the reduced 


data which were produced by a computer-controlled Calcomp bed plotter. 


3. 5° CREEP BEHAVIOUR, FROM LABORATORY TESTS 


The literature discussed in Chapter I! indicates that both strength 
and deformation characteristics of ice and frozen soils are highly 
dependent upon the duration of load. Certain aspects of this behaviour 
are amenable to study in laboratory tests, and this section describes 
the results of a series of constant axial stress, isothermal creep 


experiments which were performed with different confining pressures. 
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Sayles (1973) has reported that even though care was exercised to 
eliminate or at least minimize experimental inconsistencies related 
to specimen composition, preparation procedure, and testing conditions, 
there were still notable variations in his results. Since undisturbed, 
fine-grained permafrost soils were used in this study, it seemed probable 
that the results might prove difficult to interpret. 

Effects primarily caused by fluctuations in test temperature have 
been mentioned in the preceeding section. Temperatures were usually 
controlled to within + 0.1 C° of the desired value, but sudden, small 


° - 


increases often initiated a temporary acceleration in the observed axial 
creep rate. Figure 3.i6 illustrates this behaviour reasonably well 
Since most of the perturbations in the strain-time curve appear to be 
preceded by an increase in specimen temperature. Employing a five point 
moving average has smoothed the experimental curve effectively by distri- 
buting the brief, temperature-related disturbances over longer intervals 
of time. This technique probably provides a reasonable approximation of 
the average creep response to axial load which would be observed if 
temperature could be held perfectly constant. A portion of this incre- 
mental creep behaviour may also be the product of random stabilization 
of minute shear displacements occurring along various planes of Reanees 
within the specimen. 

Stage loading was employed in most of the tests. This was accom- 


plished by allowing the specimen to attain what appeared to be steady 


state creep conditions before applying one or more additional increases 
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in axial stress. The results from a typically stage-loaded creep test 
are shown in Figure 3.17. These curves illustrate the classical trans- 
ition from primary or transient creep into secondary steady state creep. 
BY plotting both strain and strain rate as a finction of time, it Ws 
possible to determine whether the specimen has actually exhibited true 
steady-state creep. 

Conventionally, a straight line has been fitted tangent to the 
axial strain versus time curve. The slope of this line has then been 
used to estimate the secondary creep rate. Since strain rates for these 
tests had been evaluated continuously by numerically differentiating the 
normal creep curve, a plot of axial strain rate versus time could also 
be drawn. An alternate and more reliable means of determining the 
Steady state creep rate consisted of taking the value which the strain 
rate curve approached asymptotically at large times. For the particular 
test illustrated in Figure 3.17, it can be seen that secondary creep 
rates estimated by using these two different methods are in reasonable 
agreement with each other. Similar curves were obtained for each of the 
tests and all are included in Appendix C. 

In certain tests, the axial stress was held constant while the 
confining pressure was either increased or decreased. Other tests were 
initiated with considerably different confining pressures but identical 
axial stresses. Data obtained using these different combinations were 
inconsistent. However, the results did indicate that increasing the 
confining pressure tended to prolong transient creep and slightly reduced 
the ultimate steady state creep rate obtained with a specific axial 


stress. This observation is consistent with the frictional effects 
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discussed in Chapter !! in that a higher ice content would tend to 
decrease the number of soil particle contacts in a given specimen. 

An inspection of the various creep curves obtained in this study 
indicates that in the early portion of most tests, strain rate continues 
to decrease with time. This behaviour suggests an empirical power law 
relationship between creep strain rate and time. Figure 3.18 shows 
logarithmic plots of strain rate versus time for the first loading stage 
of four different tests conducted with axial stresses ranging from 35 
Lwane to 227 ‘avant (S2pst to 354ps' je) Although sianit icant fluctuat rons 
in strain rate occurred, a considerable portion of this could be attrib- 
buted to small changes in test temperature and computational limitations 
inherent to the numerical differentiation technique which was used in 
their determination. Even with these departures from ideal behaviour, 
the experiments have yielded curves with shapes that closely resemble 
the general form shown in Figure 2.3. This transition from attenuating 
primary creep to a constant secondary creep rate can be phenomenological ly 


described with a power law taking the form given by Equation 2.9. 
de ; 
—_— = = + Wd 
ae é At B (29) 


By determining the constants in this equation experimentally, it should 
be possible to define strain rate as a function of time for an arbitrary 
material, temperature, and applied stress. 

Rigorously, data plots like the ones shown in Figure 3.18 should be 
used to establish appropriate constants in the primary creep equation. 


Strains produced by these transient processes could then be subtracted 
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from the total measured strain to obtain a residual displacement. This 
would presumably be the sole product of steady state or secondary, non- 
attenuating creep processes. A linear equation (obtained by linear 
regression analyses or some other suitable technique) relating residual 
strains to time could then be derived, and its slope would define the 
secondary creep rate. If this secondary strain rate were quite small, 

the influence exerted by steady state processes on the primary portion 

of the logarithmic plot of strain rate versus time would be insignificant. 
Separating the primary and secondary creep strains with the procedure 
described above would probably not be necessary in most cases. At small 


times, strains due to secondary creep would be smal! and at longer 


w 


times, primary creep processes will have diminished to a rate that i 
considerably less than the secondary strain rate. Transient creep wil! 
dominate at early times and steady state processes will begin to control 
the strain rate as time passes. 

In the data reported in this study, there was no attempt made to 
separate the transient and steady state components of creep. Rather, it 
was assumed that the parameter B in Equation 2.9 equalled zero at the 
outset and that primary creep ceased entirely at large times. This 
simplistic approach was thought to be warranted in view of the marginal 
quality of most of this data. However, data which might be obtained 
from other tests conducted at colder temperatures with improved thermal 
control and larger deviatoric stresses might justify using a more compre- 
hensive analysis. Only that data obtained during the first load stage 
of multi-stage tests has been used to determine constants describing 


primary creep behaviour. Hult (1966) has outlined a method to reconstruct 
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primary creep curves for cases where deviatoric stress has been abruptly 
increased at some arbitrary point in time. The construction assumes a 
strain-hardening creep law, and Hult (1966) comments that in experiments 
where metals have experienced this sort of stress history, measured 
results compare reasonably well with theoretical predictions. Unfor- 
tunately, numerous irregularities in the data collected for this study 
precluded the analytical construction of true primary creep curves for 
second and subsequent loading stages. 

A summary of the results obtained from creep tests performed on 
undisturbed samples of the Fort Simpson silty clay appears in Table 3.3. 
Additional details pertaining to the source and techniques used to pre- 
pare these samples are contained in Appendices A and B. The laboratory 


r 


creep curves can be found in Appendix C. 


Transient creep 


Other experiments discussed in Chapter I! have shown that subse- 
quent to immediate elastic deformations, the instantaneous slopes of the 
straint ime curves (iver creep rate) obtained for ice and frozen soils 
decrease with time and eventually assume a constant value. Methods 
outlined in the preceding sections and in Chapter I! have been used to 
analyze transient creep behaviour observed during the first load stage 
of each test conducted in this study. 

Figure 3.18 illustrates the typical linearity obtained at small 
times on the logarithmic plots of strain rate against time. The trans- 


ient creep rate term in Equation 2.9 consists of a constant (A), anda 
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time exponent (a) for any given deviatoric stress and temperature. 
Tabulated data indicate that A exhibits only slight variability, while 
the exponent a (slope of the line) increases from -1 and approaches zero 
when the applied stress becomes large. Figure 3.19 shows a possible 
means of expressing this nonlinear relationship between the applied 
stress and its associated primary creep exponent. 

Ladanyi and Johnston (1973) have reported contradictory behaviour 
in their logarithmic plots of volumetric strain versus time which had 
been derived from a multi-stage pressuremeter creep test performed in a 
frozen, varved silt-clay. Their interpretation of the data had appar- 
ently been based on an extrapolation of lines drawn tangent to the creep 
curves at an arbitrary time of 15 minutes. An alternative interpretation 
can be obtained by fitting straight lines to the creep curves. At a 
time of one minute, the ordinate intercepts of these lines converge on a 
relatively narrow range of volumetric strains. These intercept values 
have been derived in a manner similar to that used to obtain the constant 
A in this thesis. Also, the creep exponent derived from these curves 
varies from approximately -0.6 at the lowest stress used, and approaches 
zero as the pressuremeter's internal stresses are increased. 

Using simple relationships like Equation 2.9 to describe creep 
behaviour phenomenologically constitutes a gross over-simplification of 
more rigorous physical relationships. Formulating a general expression 
to cover a wide range of stresses and temperatures for even a single 
material type would require an enormous amount of experimental work to 


define the necessary parameters. Similar efforts would be required to 
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describe the simultaneous process of steady state creep. 

A logarithmic plot of the transient creep exponent versus applied 
stress is shown in Figure 3.19. This graph indicates that a power law 
relationship may exist between these two variables. The flow law for 
ice described in Chapter I! was also a power law, relating steady state 
€reep rates to stress. .Figure 3.20 shows: a semi-logarithmic plot of 
primary creep exponents versus the steady state creep rates eventually 
obtained in those same tests. Although these results cannot be con- 
sidered conclusive, they do suggest an interesting topic for future 
research. If a relationship like this can be shown to be tenable, the 
need to conduct long-term tests to define steady state conditions might 
be relaxed. Some control testing would still be required, but results 
from relatively short term pressuremeter testing might eventually be 
used more confidently to predict both transient and steady state creep 
behaviour. 

From Figure 2.1, it can be seen that small applied stresses produce 
very slow steady state creep rates. Under these circumstances, transient 
creep processes could conceivably dominate total deformations some time 
after the initial application om load. This might be especially true at 
temperatures close to O°C where steady state behaviour has not yet been 
well-defined. Data presented by both Vialov (1962) and Sayles (1973) 
indicate that large times are required before creep behaviour makes the 
transition from deformation dominated by non-attenuating processes to a 


condition of steady state. 
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Steady state creep 


Although the slopes of tangents drawn to creep curves have been 
used to estimate steady state creep rates, the reanalysis of Mellor and 
Testa's (1969b) data discussed in Chapter I! demonstrates that this 
technique has not always been reliable. It appears that a more acceptable 
method of determining steady state creep rates might involve the use of 
a logarithmic plot of strain rate against time. Presenting data in this 
manner provides a clear definition of the point at which the instant- 
aneous creep rate becomes constant with time. Typical data shown in 
Figure 3.17 suggest that steady state creep rates estimated from strain- 
time curves are in reasonable agreement with the strain rate approached 
assymptotically at large times. Logarithmic plots of strain rate versus 
time like those shown in Figure 3.18 were used to determine steady state 
creep rates (B or é.) whitch are listed in Table 3.3. 

Experimentally-derived steady state strain rates were poorly de- 
fined in those tests conducted at the lower stress levels. However 
questionable they may be, strain rates were determined as accurately as 
possible, and a logarithmic plot of axial stress against axial strain 
rate including data from all of the tests appears as Figure 3.21]. It 
can be seen that considerable scatter exists for test data obtained at 
axial stresses of less than 100 N/m (15 psi). An examination of the 
creep curves for these particular tests (see Appendix C) indicates that 
steady state creep rates were extremely difficult to estimate. Also 
shown are data points derived from tests reported by Sayles and Haines 


(1974) which were conducted on a similar material (Suffield clay) at a 
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slightly cooler temperature of -1.7°C. The durations of these tests 
ranged from 30 to 50 days. 

The heavy curve shown in Figure 3.21 represents an experimentally 
derived flow relationship for the Fort Simpson silty clay and -has a 
bilinear shape. A power law fitting the straight line portion at stresses 
above 100 vine (15 psi) has an exponent of approximately 2.75. This 
value is consistent with the flow law exponent reported for polycrystal- 
line ice in Chapter II. If this line is extended through the Suffield 
clay data points, a single straight line defines the flow law for these 
soils. Until better tests can be conducted at low stresses and warm 
temperatures on both frozen soil and ice, it seems premature to recognize 


line 


any sort of bilinear flow law. After having fitted a straight 
through the data for Suffield clay and results from tests at -higher 
stresses on the Fort Simpson-silty clay, the steady state -creep rates 
are one to two orders of magnitude faster than those indicated for ice 
under similar conditions of stress and temperature. This difference in 
creep rates may be the result of one or more of the fotlowing factors: 
1) The presence of significant quantities of unfrozen water in 
fine-grained soils at temperatures close to 0°C. 
2) Shear movements occurring along soil-ice interfaces at contacts 
between discrete ice lenses and intact soil. 
3) Acceleration of creep in the ice lenses caused by softening 
and crystal boundary thickening caused by chemical impurities 
which were excluded from the soil water during freezing. 


Closer correspondence to the behaviour observed for ice would be antici- 


pated at colder temperatures or in highly ice-rich soils. 
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Table 3.3 shows that when specimens were subjected to the same 
axial stress, higher confining pressures appeared to result in slightly 
slower secondary creep rates. The most probable explanation for this 
behaviour is that confining pressures increase the stress carried by the 
soil skeleton so that greater frictional strength must be overcome to 
produce shear movement and creep. It follows that creep rates could be 
attenuated by elevating the confining pressure if some form of 'drainage' 
in the frozen soil results in the soil skeleton carrying an increased 
mean stress. Decreased creep rates under high confining pressures have 
also been reported for frozen sands (Aikire and Andersland, 1973; Sayles, 
Wear 

One exception to this trend was observed in Tests 5 and 6 where the 
confining pressure was suddenly reduced from 552 eho (80 psi) to zero 
with the axial stress being held constant. !t was expected that the 
secondary creep rates would increase, but instead, they appeared to 
decrease by as much as a factor of 5. These results are questionable 
since the procedure employed did not provide any time for the specimen 
to equilibrate after adjusting the confining stress. 

The data also indicate some effects which are related to the charac- 
teristics of individual specimens. All other factors being the same, 
behavioural differences associated with physical characteristics seemed 
to be more strongly affected by internal ground ice structure than 
frozen bulk density. The presence of features such as through-going ice 
lenses inclined at favourable angles had very noticeable effects. 

Samples were thus selected to eliminate nonuniformities which might have 


made the interpretation of test data more difficult. Cores used for the 
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tests reported here were prepared so that each specimen contained a 
similar, evenly-distributed network of thin reticulate ice lenses. 

It was anticipated that warmer temperatures would result in faster 
creep rates. Tests run with temperatures closest to 0°C displayed 
greater sensitivity to fluctuations in temperature control. This response 
was almost certainly related to the increasing rate of change in the 
unfrozen water content as O°C was approached. 

The creep specimens were all examined in detail once the tests had 
concluded. Most of them appeared to have strained uniformly and showed 
no indication of bulging or distinct shear planes. Ina very few in- 
stances, small amounts of movement appeared to have occurred along ice 
lenses, but in general, the assumption of volume constancy appeared to 


have been a reasonable one. 
3.6 DISCUSSION OF RESULTS 


The data presented in this chapter are unique for two reasons: 

1) A majority of these tests were performed at nedr-thawing 
temperatures on natural and relatively undisturbed fine- 
grained permafrost soils. 

Zz) The tests were performed at slow strain rates with low stresses 
and very long test durations. 

The slow strain rates used in the direct shear testing meant that several 
experiments lasted for more than 30 days. Fortunately, the results 
obtained appear to have justified the experimental difficulties which 


were encountered. Similarly, the creep study required long testing 
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times before steady state conditions could be identified with confidence. 
The challenge of conducting these long-term tests was compounded by the 
necessity for extremely effective temperature control when working 
within 2°C of the melting point. 

This study of the strength and deformation behaviour of natural 
permafrost soils has shown that a mechanistic description of the inter- 
action between shear and creep given in Chapter I! was reasonably 
accurate. The applicability of this conceptual model had been demon- 
strated for frozen sands, but much of the literature pertaining to the 
properties and behaviour of frozen, fine-grained soils seemed quite 
ambiguous. The results of these experiments have shown that Ladanyi's 
(1974, 1975) basic model for frozen soil behaviour can be used with 
reasonable confidence in making predictions of creep settlements and 
time-dependent bearing capacities for. foundations on frozen soils. 

These same concepts may also find application in estimating and interpret- 
mg time-setclemeny relationships, for piles in permafrost. as well) asi in 
establishing the conditions of limiting equilibrium when. analyzing the 
Stability of slopes which are affected by permafrost conditions. 

The direct shear testing has demonstrated that frozen fine-grained 
soils exhibited a definite frictional response. If imposed strain rates 
are sufficiently slow, the friction angle mobilized can equal the effect- 
ive angle of shearing resistance obtained for the same soil in an unfrozen 
state. Higher geometric cohesive intercepts were observed with increas- 
ing rates of strain, the magnitude apparently being controlled mainly by 
the strain rate and soil temperature. The magnitudes of these cohesion 


intercepts were estimated by using the flow law for ice (Figure 2°41 tO 
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compute a shear stress corresponding to the strain rate imposed during 
the test. The cross-sectional area of the specimen was then corrected 
to the average amount of ice actually present in the shear plane (i.e. 
proportional to the soil's porosity).-- It was’ also found that the avail- 
abie shear strength decreased as the horizontal deformations accumulated. 
The observed reduction in strength can be at least partially attributed 
to the formation and accumulation of a thin layer of segregated ice 
along the shear plane. Slickensides were noted on the soil surfaces 
which had been in contact with shear-induced ice lenses. Samples of 
Fort Simpson silty clay used in these tests were quite dense so it seems 
probable that these polished surfaces formed during the early stages of 
Shear. Indications of dilatant behaviour during the first and some 
subsequent cycles of shear suggest that unfrozen water and ice may be 


attracted to the shear zone, ultimately producing the accumulation of 


ea) 


ice observed there. 

This particular observation has serious implications with respect 
to the long-term behaviour of footings, piles, and slopes involving 
permafrost soils. Since sustained shear movements can apparently cause 
increases in ice content within shear zones, imposing stresses which 
exceed a soil's long-term shear strength could conceivably lead to a 
condition of deteriorating stability. With an underestimated load, 
deformation rates might increase, as the ultimate strength and creep 
rate of an ice-rich shear zone would be governed by the properties of 
ice. These structures were observed in all of the direct shear speci- 
mens, but it was not determined whether similar lensing could be pro- 


duced during transient and steady state creep. Sheared samples examined 
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were characterized by a well-developed shear zone that was crisscrossed 
with numerous compounded shear planes. Decreasing friction angles 
observed were in good agreement with Ladanyi's (1974) prediction that 
faster strain rates would inhibit the full mobilization of frictional 
resistance in the soil. The direct shear testing also demonstrated that 
changing the normal stress acting on a shear plane had little or no 
effect on strength mobilized once an ice lens had formed there. 

The most important finding was that, contrary to previous sugges- 
tions that frozen, fine-grained soils exhibit no frictional response, 
these tests have shown that the soil's effective angle of internal 
friction can be mobilized’ if strain rates are sufficiently slow. Under 
low normal stresses and at faster strain rates, the frozen strength is 
dominated by the cohesive component. This quantity is largely controlled 
by the strength of ice and is therefore dependent upon strain rate, 
temperature, and ice content. 

The creep testing program demonstrated that the deformation behav- 
iour of undisturbed, fine-grained permafrost soils is amenable to rational 
analysis. Both transient (attentuating) and steady state processes were 
clearly identified. Of considerable interest was the observation that 
steady state creep rates determined in this study were in general agree- 
ment with those which could be estimated using the flow relationship 
Summarized in Figure 2.1. It would seem that at warm temperatures, 
fine-grained soils actually creep at rates which are only slightly 
faster than those exhibited by ice. Although increasing the confining 
pressure seemed to have an attentuating effect, the resultant changes in 


creep rate were not large. 
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Limited data suggest that since the exponent describing transient 
creep response is a function of the applied deviatoric stress, it can 
also be correlated to the steady state creep rate which is ultimately 
obtained. Further research in this area could result in the development 
of a procedure for estimating steady state creep rates directly from 
transient creep behaviour observed in realtively short-term tests. 
Methods. for separating transient and steady state creep processes have 
been discussed. It seems reasonable to conclude that utilization of 
these techniques in analyzing laboratory data, the results of pile load 
tests, etc., would almost certainly improve the level of confidence in 
the interpretation and engineering application of results obtained. 

It was generally felt that the creep data obtained in this study 
were subject to some criticism, as a result of testing difficulties 
associated with temperature control. Even so, a crude flow law was 
constructed, and the exponent of 2.75 relating stress to strain rate 
corresponds closely to the value of 3 which was determined for poly~ 
crystalline ice in Chapter I!. Additional experimental work will be 
required before the magnitude of creep deformations occurring in frozen 
soils can be estimated with confidence. 

This laboratory study has shown that transient creep can contribute 
significantly to total deformation, particularly at low stress levels. 
Numerous carefully instrumented and monitored long-term field and 
laboratory tests will be required before a comprehensive model can be 
developed to describe and predict the creep behaviour of frozen soils 
accurately. By employing analytical techniques which are physically 
sound, solutions to specific problems can be obtained through the sensible 
interpretation of several tests which have simulated design loading 
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TABLE 3.1 SUMMARY OF SOIL INDEX PROPERTIES 
SOIL PERCENT CLAY PERCENT LIQUID PLASTIC PLASTICITY 
(less than 2u) Sion LIMIT LIMIT INDEX 
Mountain River 50-65 35-50 40-52 00-20 27 
Clay! as) (45) (48) (21) 
Fort Simpson 50-85 15-50 4s 20 25 
CER ee (60) (40) 


X-ray diffraction analyses performed on the clay-sized fraction of 
both soils indicated that illite and kaolinite were the major 
identifiable minerals. Chlorite and montmorillonite were also 
present in trace amounts. 


Numbers shown in brackets are average values. 


3 


Samples tested were obtained from Zone 4. See Chapter V and Appendix 
A for details regarding stratigraphic position. 
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Figure 3.2 Typical results Troma’ direct shear test conducted 
on frozem soil, (Test FS-0l) @ = 252 KN/m , 
Ye = 1.95 Mg/m-, and sheared at 1.9 cm/day 
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Direct shear envelopes for reconstituted Mountain 
River clay, Series A (unfrozen) 
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TEST FS—O1 
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Figures 3.9 


Sketches of ice structure in sheared specimens of 


Fort Simpson silty clay 
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Figure 3.10 
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DEVIATION FROM AVERAGE WATER CONTENT (%) THROUGHOUT 
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Figure 3.13 
isothermal, confined creep tests 
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THIN, ICE 


COATING NEOPRENE 


RUBBER 
MEMBRANE 


GREASE —-| 
CENTERING 


TEFLON 
“ SURFACE 


PIN O-RING 
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LOAD CAP 
Grease consists of a coat of Dow - Corning high 
vacuum, covered by a molybdenum disulphide 
lubricant preparation. 
Figure 3.15 Detail of alternate methods of end-lubrication 


employed in creep tests 
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SMOOTHED AXIAL STRAIN 
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MEASURED AXIAL STRAIN 
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Figure 3.16 Results from a typical creep test illustrating the use 
of a five point moving average to smooth the e« - t curve 
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Figure 3.18 Logarithmic plots of strain rate versus time for 


first-stage loading 
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Figure 3.19 Relationship between primary creep exponent and 
applied deviatoric stress (includes some multi-stage 
data at higher stresses) 
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Figure 3.20 Tentative relationship between primary creep exponent 


and steady stage creep rate (includes data from some 
multi-stage tests obtained at higher stresses) 
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CHAPTER IV 
REVIEW OF GEOTECHNICAL PROPERTIES 


OF THAWING SOILS 


4.1 PROBLEMS ASSOCIATED WITH THAW 


Introduction 


Development of petroleum, natural gas and other natura! resources 
in arctic regions has necessitated certain engineering innovations to 
deal with problems peculiar to this environment, not the least of which 
are the difficulties associated with thawing soils. It is obvious that 
many projects will involve thaw since the maintenance of frozen condi- 
tions under all circumstances is neither technically or economically 
feasible. It has been widely recognized that soil properties deterior- 
ate due to thaw but there have been few examples where available analy- 
tic capabilities have been applied to predict these changes. The follow- 
ing provides a review of current (1976) practice and reflects that 
influence which an appreciation of soil behaviour during thaw has had on 


design and construction. 


Soviet practice 


Construction in connection with heavy industrial development has 


been underway in the arctic and subarctic regions of the U.S.S.R. since 
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the early 1940's. These activities have included open pit and under- 
ground mines, hydroelectric developments, surface transportation net- 
works, pipelines, and cities with multistoried buildings. In his synthe- 
sis of experience gained from these various activities, Tsytovich (1973) 
has emphasized the need to include design provision for settlements 
occurring with the thawing of permafrost soils. He comments that the 
majority of construction failures recorded in the north can be attrib- 
uted directly to the omission from design of foundation settlements and 
decreases in shear strength that accompany thaw. These concerns are 
especially important when dealing with ice-rich soils. Soviet practice 
recognizes the importance of determining the properties of frozen and 
thawing soils, and indicates that incorporating these features in design 
procedures will ensure the safety and adequate performance of most 
SEP UE IEUIRES « 

Tsytovich (1973) states that in moist soils, the freezing process 
causes development of distinct cryogenic structures, the specific forms 
of which are determined by material type, moisture availability and 
ground thermal conditions. In their study of the effects of freezing, 
Soviet researchers have found that soil structure and texture have a 
considerable influence on the consolidation and shear strength of 
thawed soils. If thawed void ratios exceed those prior to freezing, 
increases in compressibility and reductions in shear strength are gen- 
erally observed. ‘the presence of relatively dense aggregates of soil 
particles (with moisture contents approaching the plastic limit) has an 
important influence on soil behaviour. In summary, Tsytovich (1973) 
cites the following properties pertaining exclusively to thawing soils, 


which he feels are most important: 
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1) Under load, void ratio changes experienced by thawing soils 
may exceed those for similar unfrozen soils. 
2) Water permeability after thawing may be increased by one or 
two orders of magnitude over values for the same-unfrozen 
soil, decreasing with time (due to swelling) and consolidation 
Stress. 
3) Pore water pressures generated during the thaw of ice-rich 
soils may result in conditions of low effective stress. 
4) Denser soils produce relatively small pore water pressures 
during thaw and consequently exhibit measurable strengths. 
Qualitative and quantitative descriptions of the behaviour and prop- 
erties of thawing soils have been the topic of a considerable volume 
of Soviet literature. It is regrettable that only recently have portions 
of this work (largely completed prior to 1965) become available to the 


North American engineering community. 


North American practice 


Sanger (1969) has reviewed North American experience with the de- 
sign and construction of foundations in permafrost areas. He suggests 
that continued thaw-consolidation associated with thermal degradation 
initiated during or subsequent to construction introduces risk since 
estimates of settlement (and especially differential settlement) are 
highly uncertain. Discussion of more recent engineering work in the 
Arctic is given in Linell and Johnston (973) Aside from limited 
investigations conducted under the auspices of United States military 


agencies, methods for including the effects of thawing permafrost in 
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design were virtually non-existent prior to the late 1960's. Exceptions 
to this are the development of hydroelectric facilities along the Nelson 
River (MacDonald, 1963; Johnston, 1969; Brown and Johnston, 1970; Mac- 
Pherson et. al. 1970) and some undocumented highway construction in 
Alaska and the Canadian north. Until recently, structures with low 
tolerance for movements have been either relocated to thaw-stable sites 
or, more often, founded in permafrost with precautions taken to main- 
tain the ground in a frozen condition. With the recent enactment of 
restrictive arctic land-use regulations in both Canada and the U.S.A., 


attention has tended to center on environmental damage produced by thaw. 
Current concerns 


In the late 1960's, discovery of marketable reserves of petroleum 
and natural gas on the Alaskan North Slope initiated a sudden increase 
in engineering activity in the Arctic. It was eventually concluded that 
transportation of o/1 from the Arctic coast to an ice-free port could 
best be accomplished with a 48 inch (122 cm) diameter pipeline that 
would be buried along a significant portion of its route. Maintaining 
oil temperatures at approximately 70°C would result in thawing of the 
surrounding permafrost wherever the pipe was buried. Among problems 
considered in connection with this project were the stability (Weecvaee: 
Clyde and Associates, 1970) and differential settlements (Palmer, 1972) 
of the plug of thawed soil surrounding the pipe. Lachenbruch (1970) 
studied potential problems created by the presence of a hot-oil pipe- 


line in permafrost. Although the conclusions of his study reflected a 
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limited understanding of the mechanical properties of thawed soils, they 
did serve te fecus attention on the geotechnical aspects of such a pro- 
ject. 

The possibility also exists that casing in production wells which 
penetrate permafrost could be subjected to significant axial stresses if 
downdrag were exerted by the settlement of adjacent thawing soils (Koch, 
fa 
1 


l-structure interaction has been treated jn 


1971). This problem of soi 
more analytical detail by Palmer (1973). McRoberts and Morgenstern 
(1974) have identified two types of mass movement common to thawing 
soils and have developed an analysis tnat permits preliminary evaluation 
of slope stability. Other studies (Smith and Berg, 1973; Pufahl et al., 


9 


1974) have examined the construction and subsequent performance of 
roadway cuts excavated in permafrost. 

Pianning for ‘the construction of various transportation facilities 
including a highway, a chilled gas pipeline and a hot oi] pipeline (all 
in the Mackenzie River Valiey), has served to focus Canadian attention 


on a group of concerns which are similar to those described above. 


Foremost among these is the potential for environmental damage if melting 


Ss induced by disturbance of the thermal equilibrium of the permafrost. 
The post-thaw behavioural characteristics of high compressibility ana 
low shear strength for ice-rich fine-grained soils have been recognized, 
but it is«clear tliat If theoretical analyses are to be applied to engi- 
neering problems with any confidence, realistic parameters must be 
determined to describe soil behaviour. The establishment of a rational 


basis for coping with thawing soils can best be achieved by an examina- 


tion of the following items: 
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1) Evaluation of the progress of the thaw front with time. 

2) Evaluation of total thaw settlements. 

3) Evaluation of excess pore pressures associated with consoli- 
dation during thaw. 


4) Evaluation of available shear strength. 


4.2 THAWING OF FROZEN SOILS 


Analysis of thaw 


Several techniques of thermal analysis are currently available 
which permit the evaluation of thaw depths with time. Solution methods 
range from modification of the simple Neumann problem to complex numerical 
methods. Nixon and McRoberts (1973) have presented some useful solutions 
to one-dimensional problems with simple boundary conditions. The dominant 
variables in thaw problems have been isolated for the general case of a 
step temperature applied to the surface of a homogeneous mass of frozen 
soil. The subsequent movement of the thaw interface with time is given 
by: 
X = avt (4.1) 
where X is the depth of thaw 
t is time, and 
a is a constant, determined analytically as the root of 
a transcendental equation. 
In practice, a is simply a parameter which describes the rate of 


thaw. Nixon and McRoberts (1973) indicate that since a specific thermal 
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solution is seldom an end in itself, a one-dimensional approach may be 
entirely adequate for application to many field problems. 

Analyses of problems including the effects of nonhomogeneity, 
complex two-dimensional geometry, space and time dependent properties, 
and mixed boundary conditions are possible only through the utilization 
of a digital computer. Various finite element and finite difference 
schemes are available for suitable modelling of these more complex cir- 
cumstances (Hwang et al., 1973; Sykes et al., 1974a; Sykes cepa 


1974b). 


Thermal analysis 


In their examination of factors affecting the thawing of frozen 
soils, Nixon and McRoberts (1973) have assessed the relative effects of 
thermal properties in determining the rate of thaw. Their study indi- 
cates that evaluation of the temperature dependence of less important 
parameters such as thermal conductivity is totally unwarranted. By 
making use of estimated thermal properties, thaw can apparently be de- 
scribed with accuracy sufficient for geotechnical purposes. In con- 
clusion, they state that, ''continuing research into the thermal proper- 
ties of soils is considered, at our present state of understanding, to 
be subordinate to the requirement for a more exact knowledge of the 
geotechnical properties of thawing soils.'' The suggestion that thermal 
properties can be either calculated or estimated with reasonable accuracy 
from published data (e.g., Kersten, 1949) has been supported by several 


recent studies. 
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Comparing predicted and observed thaw rates for laboratory tests on 
reconstituted soils, Morgenstern and Smith (1973) found that measured 
values fall approximately 15% below computed rates. The presence of 
unfrozen water was not accounted for in these estimates, and had its 
effect been included, a better correspondence might have emerged. Nixon 
and Morgenstern (1974) tested undisturbed samples in a similar manner, 
and by taking account of the unfrozen water, obtained a values averaging 
7% greater than predicted. 

A comparison of measured and calculated thaw rates has been made by 
McRoberts (1975) for several cases of field thawing. He has concluded 
that although extensions to the simple Neumann thaw model are sometimes 
necessary, agreement between observed and computed a values is good. in 
addition, he has demonstrated that the magnitude and range of thaw rates 
encountered in nature is not large. Penner et al. (1975), after testing 
compacted fine-grained soils from the Mackenzie Highway, have reported 
good agreement between their measured thermal conductivity values and 
those reported by Kersten (1949). They conclude that this correspondence 
has enhanced the reliability of previously published data for use in 
general thermal calculations. A comparison of field and laboratory 
values of thermal conductivity would, however, still be of value. 
Laboratory thermal conductivities have been evaluated for undisturbed, 
ice-rich permafrost soils by Slusarchuk and Watson (1975). Thermal 
conductivities were again found to be in good agreement with published 
values for similar soils at corresponding unit weights and water contents. 
This study draws attention to the fact that the therma! conductivities 


of high ice-content soils do not approach the value for pure ice as 
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might have been expected. The lower values observed are attributed to 
the thermal resistance of tiny air bubbles and discontinuities occurring 


naturally in undisturbed ice-rich permafrost. 


4.3 CONSOLIDATION OF THAWING SOILS 


Thaw-consolidation theory 


Central to any effort to describe the behaviour of thawing perma- 
frost is an evaluation of the effective stress in the soil. It is this 
quantity that uniquely controls both volume change and shear strength. 

TSViowi chet alu 1965) have predicCicauthat lt i solic subjected 
to a sudden step temperature, settlement will proceed linearly with the 


Square root of time. Unfortunately 


y, their attempt to establish the 
boundary conditions at the thaw line was incomplete. Zaretskii (1969) 
was probably the first to recognize that settlements due to thaw could 


be separated into three components, namely: 


1) Settlement brought about by volume reduction associated with 
change of phase of ice in the soil pores and gas compression. 

%)) Consolidation settlement occurring during the period of thaw. 

3) Consolidation settlement occurring subsequent to the comple- | 


tion of thaw. 


Although the original translation is somewhat confusing, a more recent 
description of this work appearing in Tsytovich (1973) makes it clear 


that Zaretskii's original assumption about the boundary condition at the 
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thaw line was essentially identical to that later given by Morgenstern 
and Nixon (1971). Figure 4.1 shows the one-dimensional configuration 
for thaw-consolidation assumed in the following derivations. The key 
Statement in their solution of the thaw-consolidation problem is that 
"for a saturated soil ... any flow from the thaw line is accommodated by 
a change in volume of the soil''. The equation derived to describe this 


condit ion<was: 


But) 
Petey Ke mh eee aes ae (4.2) 
dt 
Ste eeu kd tyes te 10 
where Es denotes the stress applied to the soil surface, 
‘a denotes the submerged density of the soil, 


“u(X,t) denotes the excess pore water pressure at the 

thaw front, 

Cc denotes the coefficient of consolidation, 

X denotes the distance to the thaw plane from the 
soil surface (see equation 4.1), 

x denotes depth from the ground surface, and 

t denotes time. 

Zaretskii (1969) has derived a slightly different equation, but 
both analyses assume the following expression for the solution of the 


problem: 


+ Bx (4.3) 
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where A and B are constants found from the boundary conditions, and 
erf denotes the error function. 

Although Zaretskii's solution takes the same general form as that ob- 
tained by Morgenstern and Nixon (1971) it contains an inexplicable de- 
pendence on the average dry density of the thawing soil. Other things 
being equal, this relationship predicts that the degree of consolidation 
at the end of thaw will be reduced by decreasing the soil's dry density. 
Comparing this to the Morgenstern and Nixon's linear thaw-consolidation 
solution, it can be seen that Zaretskii consistently predicts an end-of- 
thaw degree of consolidation that is as much as 7% higher, thus tending 
away from conservatism. 

Both treatments conclude that excess pore pressures and the degree 
of consolidation in thawing soils are dependent upon the thaw consoli- 


dation ratio R, a term emerging from the analytical solutions and defined 


by: 


R= — (4.4) 
2760 
Vv 
This ratio describes the relative rate at which water is generated 
and dissipated at the thaw front. Morgenstern and Nixon (1971) have 
assumed that if no volume change were permitted after thaw, the initial 
effective stress in the soil would be equal to zero. This seems reason- 
able for extremely ice-rich soils, and they observe that should this 
term become substantial, its effect would be to diminish pore pressures 
generated by melting and thus reduce the severity of problems arising 


during the thawing of frozen soils. 
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Although this simple model is somewhat idealized, the basic theory 
can be modified to include a variety of thermal and loading conditions 
of practical interest (Nixon and Morgenstern, 1973a). The one- 
dimensional theory of consolidation of thawing soils has been extended 
to consider separately: 

1) Description of the movement of the thaw front by a more gen- 

eral power law. 


2) A non-linear stress-strain relationship for the soil skeleton. 


Sykes et al. (1974b) have attempted the formulation of a two- 
dimensional finite element model for thaw-consolidation which would 
enable the assessment of effects associated with complex geometry and 


nonhomogeneity. 


Laboratory studies - artificially prepared permafrost 


In the preliminary stages of research in a new area, it is custom- 
ary to undertake laboratory studies on remoulded soils. Relative homo- 
geneity is assured by controlling variables like the stress history, 
texture and thermal history, thus eliminating or significantly reducing 
variations which would be unavoidable with undisturbed samples. Smith 
(1972) and Smith and Morgenstern (1973) have described the development 
of a permafrost oedometer (permode) suitable for the experimental stuay 
of remoulded soils. Their research was designed to assess the validity 
of the one-dimensional thaw-consolidation theory previously formulated 


by Morgenstern and Nixon (1971). Within the permode configuration, 
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settlements during thaw were observed to proceed proportionally with the 
Square root of time. In Figure 4.2, the dependence of both the degree 
of consolidation and maximum excess pore pressures upon the thaw con- 
solidation ratio (R) is shown to be good agreement with the theoretical 
relationship. For these tests, the assumption was made that the initial 
effective stress was zero. The authors draw attention to the diffi- 
culties associated with the evaluation of inst tu permeability and 
compressibility characteristics, and speculate that determination of 
field permeabilities will be essential for an accurate estimate of R. 

In connection with the same study, Smith (1972) observed that for a 
given average void ratio, soils subjected to a freeze-thaw cycle exhibit 
an increase in permeability of one to two orders of magnitude in the 
range of low applied stresses. This behaviour was attributed to the 
formation of small channels in positions occupied by segregated ice 
prior to thaw. He has also demonstrated that successive freeze-thaw 
cycles performed under constant stress can produce significant reduc- 
tions in void ratio. Smith has suggested that local overconsolidation 
was caused by negative pore pressures generated during freezing, so that 
upon thaw, the sample would swell. If permitted to drain, however, the 
soil would not return to its original void ratio. 

Recognizing the importance of the effective stress remnant in a 
soil skeleton thawed in an undrained condition, Nixon and Morgenstern 
(1973b) undertook en experimental examination of this quantity (here- 
after referred to as the 'residual stress'). Experimental evidence 
(Smith, 1972) suggested that the thermal and stress histories prior to 


and associated with permafrost formation could be effective in reducing 
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void ratios and result in a significant residual stress upon soil thawing. 
The thaw-consolidation theory developed for soils exhibiting nonlinear 
compressibility (Nixon and Morgenstern, 1973a) indicates that the magni- 
tude of pore pressures produced by thaw will depend very much upon the 


Fatto of the final’ ettective’ stress to the residual stress. 
Residual stress 


Since a physical appreciation of the role of residual stress in the 
behaviour of thawing soils is essential to understanding much of the 
experimental data presented in subsequent chapters of this thesis, the 
following recapitulation extracted from Nixon and Morgenstern (1973b) 
should serve to familiarize the reader with this concept. Referring to 
Figure 4.3, a sediment with a known stress history is shown, having been 
normally consolidated to an effective stress ies at a point A. With 
freezing in the absence of drainage, a small increase in average void 
ratio from point A to B accommodates the volume change associated with 
phase change as most of the water in the pores turns to ice. Thawing 
the soil without drainage returns the void ratio to ey: which often 
produces an increase in pore water pressure. If the void ratio is 
sufficiently high, observed pore pressures can approach or even equal 
the total stress acting on the sample. Thus, it follows that effective 
stresses are reduced subsequent to thaw, and in extreme cases, may for 
all practical purposes equal zero. By permitting drainage, a reduction 
in voldVratio brings the soil into effect ive stress equilibrium at point 
C. Externally, the freeze-thaw cycle under constant external stress has 


brought about a net decrease in volume, represented by AC. 
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At lower stress levels in fine-grained soils, the tendency for 
development of negative pore water pressures during freezing has been 
recognized. Small lenses and other discrete bodies of ice are routinely 
observed to form in the soil, even under conditions of closed-system 
freezing. If the total quantity of moisture in the sample remains 
unchanged, any redistribution of water must have the effect of over- 
consolidating {and possibly desaturating) certain soil elements with 
respect to the external load. This suggests that soil lying between 
segments of discrete ice has probably been subjected to an effective 
stress exceeding Ree 

Upon thawing, overconsolidated elements of soil may retain effec- 
tive stresses greater than eae As thaw progresses, excess water is made 
available in the macropore system previously occupied by ice, and the 
adjacent soil swells to absorb available free water. The stress path 
followed by the soil during this process is shown by the dashed line ADE 
in Figure 4.3. 

During swelling, all soil elements do not necessarily achieve the 
same effective stress and void ratio. The material nearest to the 
macropores may swell a great deal, coming to equilibrium at an effective 
stress somewhat less than Po Soil further from the pores could then 
retain relatively high effective stresses for some time after thaw by 
virtue of its overconsolidated state. 

If the soil is capable of absorbing all of the water freed by ice 
melting, then the remaining effective stress is the residual stress, 


oh Alternately, if the soil swells to a state where the effective 


stress is negligible and some excess pore fluid still remains, then the 
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residual stress will be zero. Following thaw, free drainage will permit 
the soil to consolidate (or swell) under the action of an external load 
to some effective stress, i- During reloading along the line EC, 
stress-strain behaviour will be typical of an overconsolidated soil. 

The net strain from the frozen to the fully thawed state (line BC) has 
been termed the thaw strain. 

From the foregoing, it should be obvious that the behaviour of 
thawing permafrost is strongly influenced by its stress and thermal 
histories. The residual stress will affect pore pressures, settlements 
associated with thaw, and the undrained strength of the thawed soi] 
mass. In their experimental study, Nixon and Morgenstern (1973b) uti- 
lized a modified permode to measure residual stresses in two different 
reconstituted silty clays. The tests revealed an excellent linear 
correlation between soil void ratio and logarithm of the effective - 
stress. Figure 4.4 shows that by following entirely different stress 
paths in two separate test series, essentially identical relationships 


were obtained between e and oat 


Laboratory studies - undisturbed permafrost 


In addition to testing reconstituted materials, Nixon and Morgen- 
stern (1973b) also measured residual stresses in a number of undisturbed 
samples of silt obtained from a site near Norman Wells, N.W.T. A similar 
linear relationship was observed between void ratio and the logarithm of 
residual stress. Scatter in the data at higher stress levels was attri bu- 


ted to difficulty in measuring pore pressures as the soil became rela- 
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tively incompressible. A trend indicating an increase in residual 
stress with depth was demonstrated for this site. Less sophisticated 
tests conducted on undisturbed permafrost have attempted to characterize 
the magnitude of thaw strains associated with different soil types. 
Woodward-Clyde Associates (1970) has documented the results of an extens- 
ive testing program conducted in connection with the Alyeska Pipeline. 
The results of this study were subsequently presented in an abbreviated 
form (Luschersand Atiri, 19/3)s By correlating axtal thaw strain to 
frozen dry density, relationships have been developed that facilitate 
estimates of thaw settlements for silts and granular soils directly from 
index properties (excluding effects due to the thawing of ice lenses or 
massive ice). Thaw strain data is presented as a function of the applied 
consolidation stress, and consequently, the thawed soil's compressibility 
also enters the analysis. 

Another group of uncontrolled thaw-settlement tests have been 
reported by Speer et al. (1973) who show that a relationship can be 
developed between frozen bulk density and total settlement. Their study 
indicates that a useful correlation may exist between frozen bulk density 
and thaw strain for a given mineral soil type, thus permitting estimates 
of settlement magnitudes and variability within specific geologic units. 


Combining data from several sites, a least squares curve was fitted to 


obtain the equation, 
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where A is the thaw strain (percent), and 

Ye is the frozen bulk density (Masne). 
A study reported by Keil et al. (1973) led to a similar correlation for 
varved lacustrine soils with the generally larger thaw strains reported 
probably being due to differences in the soil and ground ice types 
encountered. Watson et al. (1973b) have provided additional data for 
the density-~settlement correlation. - They also note that permeabilities 
for undisturbed samples of clayey soils thawed under low stresses are 
relatively high (1 x 10°? rol 3 107 cm/s). Small increases in over- 


burden pressure brought about a rapid decrease in permeability of two to 


three orders of magnitude. 
Field studies of thaw 


To date, only one field test has been conducted that is sufficiently 
well documented to be amenable to analysis. Watson et al. (1973a) have 
presented data collected during Mackenzie Valley Pipe Line Research 
Limited's (MVPL) brief operation of a hot~oil pipeline test section at 
Inuvik, N.W.T. Information recorded at the site included ground tempera- 
tures, pore water pressures and settlements. Details of the instrumen- 
tation used at that site have been described elsewhere by Slusarchuk et 
al. (1973). Morgenstern and Nixon (1975) have analyzed the MVPL test 
site data, making use of their (1971) linear thaw-consolidation theory. 
The general agreement demonstrated between predicted and observed rates 
of thaw, pore pressures, and settlements improves confidence in esti- 
mates of in situ performance based upon existing theories and making use 


of results determined in standard laboratory tests. 
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McRoberts and Morgenstern (1973, 1974) have examined the stability 
of thawing slopes within the framework of thaw-consolidation theory and 
suggest that thaw-generated pore water pressures have been an important 
factor in a number of cases of instability observed in the Mackenzie 
River Valley. Excess pore water pressures measured at the thaw front in 
several mudflows constitute an indirect confirmation of correspondence 


between field and laboratory behaviour. 
4.4 SHEAR STRENGTH OF THAWING SOILS 


The well-known dependence of shearing resistance upon effective 
stress remains valid for thawing soils. By using thaw-consolidation 
theory to establish pore water pressures, it should be possible to de- 
termine shear strength if the effective friction angle and pore pressure 
parameters are known for the soil in question. In the preceeding section, 
it was shown that the freezing process has a considerable influence on 
the consolidation properties of thawing soils. Investigation of their 
behaviour during shear would verify the application of thaw- 
consolidation theory to problems pertaining to instability and deforma- 


tion: 
Laboratory studies 


Broms and Yao (1965) have documented the effects of freezing and 
subsequent thaw on the shear strength of a compacted silty clay. They 
observe that changes in mechanical properties can be attributed to one 


or more of the following: 
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1) Internal redistribution of water. 

2) Volume and density changes due to soil water freezing. 

3) An overall] increase in water content during open system freez- 

ing. E 
In their study, a variety of freezing conditions were simulated by 
varying freezing rates, surcharge pressures and drainage conditions 
during sample preparation. 

Unconsolidated undrained tests showed that slow freezing rates (in 
conjunction with water inflow being allowed during open-system freezing) 
could result in shear strengths of less than 10% of the values obtained 
for thercontrol specimens. his loss in -strength was attributed to the 
presence of 'layers of water' occupying the locations of former ice 
lenses. These were thought to permit development of high pore pressures 
during thaw and shear under undrained conditions. Furthermore, com- 
pacted soils subjected to several freeze-thaw cycles approached ful] 
Saturation when frozen at slow rates under open-system conditions. 

Stress paths followed in these tests demonstrated the effect of the 
apparent overconsolidation caused by the negative pore water pressures 
generated during freezing. These preconsolidation effects were most 
noticeable on samples frozen at fast rates without drainage. The 
effective angle of shearing resistance remained unaffected by freezing, 
but increased moisture contents did cause a reduction in the cohesion 
intercept. The influences of effective stress changes experienced 
during freezing were more apparent in the shapes of the stress vectors 
during shear, which were typical of those normally associated with 


overconsolidated clays. This behaviour may be related to the fact that 
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compaction was used to prepare the soil specimens prior to freezing. 
Kaplar (1965) pointed out that bringing the soil to maximum Proctor 
density is equivalent to heavy preloading. This could provide an alter- 
nate reason for the similarity of stress paths followed by soils sub- 
jected to either overconsolidation or a freeze-thaw cycle. 

Thomson and Lobacz (1973) employed direct shear tests to determine 
strengths along a frozen-thawed interface in a remoulded silty soil. 
Their procedure ensured that fully drained conditions existed during 
shear, and they measured an effective angle of shearing resistance not 
Significantly different from that of the unfrozen soil. It is of inter- 
est to note that results from triaxial tests on samples which had been 
frozen then thawed could be interpreted as exhibiting a nonlinear envel- 
ope, even though the authors have chosen to approximate the failure 
relationship with a straight line. 

Watson et al. (1973) report, but do not comment on, results from 
several consolidated undrained triaxial tests performed on undisturbed 


samples. 


Soviet research 


Very little of the Soviet research dealing with the shear strength 
of thawing soils appears in the translated literature, but several 
interesting reports are available. Tsytovich et al. (1957) have indi- 
cated that strength reductions experienced by soils subjected to a 
freeze-thaw cycle are a consequence of structural changes, moisture 


redistribution, and water concentration in ice lenses. Maximum reduc- 
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tions in shear strength have been observed in soils possessing a strati- 
fied or cellular (reticulate) structure. Cryogenic fissures retained 
after thaw apparently produce significant increases in permeability and 
compressibility at low effective stress levels. At higher consolidation 
pressures, the magnitudes of these variables tend to conform with values 
observed Tor thesunfrozen soil. increases in the coefficient of consoli- 
dation at low stress levels have also been attributed to fabric changes 
produced by the freezing process (Vodolazkii, 1962). His observations 
indicate that under field conditions, the cryogenic structure is retained 
for some time after thaw, but eventually disappears after two to three 
months. 

Shusherina and Tsytovich (1967) have presented undrained shear 
Strengths for clay soils that demonstrate consistent strength reductions 
for samples which had been subjected to a freeze-thaw cycle. The ex- 
perimentally determined unfrozen and thawed shear strengths emerge as 
linear functions of bulk density, with the ratio of these two strengths 
remaining essentially constant throughout the documented density range. 
Water segregated as ice during freezing is released upon thaw but is not 
immediately reabsorbed. They suggest that this condition is a major 
factor contributing to the strength reduction process in thawing soils. 
This response has even been noted for clays frozen under closed-system 
conditions with moisture contents as low as the plastic limit. 

A number of in situ vane shear tests performed in a thawing earth 
fill also gave a linear correlation between shearing strength and 
density. Although subsequent data exhibits considerably more scatter, 


increases in strength that were reported over the three month period 
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following thaw are probably related to the dissipation of excess pore 
pressures in the fill. Other vane tests in soil beneath an excavation 


showed very low strengths near the thaw plane, again implying the pres- 


ence of excess pore water pressures. 


4.5 ROLE OF MACROSTRUCTURE IN THAWED SOIL BEHAVIOUR 


Ground ice origins 


Hughes (1974) has indicated that, aside from the obvious thermal 
conditions necessary for the formation of permafrost, the distribution 
and form of ground ice normally encountered is the product of severa|l 
interrelated conditions summarized in the following: 

1) The physical properties of sediments within a geologic unit. 

72) Origin and postdepositional history of the geologic unit. 

3) Spatial relationships between geologic units. 

4) Hydrogeologic conditions from the onset of permafrost aggrada- 

tion. 

Figure 4.5 shows a genetic classification scheme proposed by Mackay 
(1972a) that demonstrates some of these associations on the basis of 
water origin, dominant transfer processes and resultant ground ice 
types. A wide variety of forms can be found within the range of geologic 
materials typically encountered. 

Occurrences of ground ice documented in connection with engineering 
investigations have been reported primarily in unconsolidated sediments 


of Pleistocene age. Pore ice is not a particularly distinguishing 
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feature since ice will necessarily be present in the voids of any 
sediment that was moist prior to permafrost invasion. More visibly 
obvious, and of greater concern, is ice in excess of that required to 
occupy the porosity of apparently intact soil. This segregated ice con- 
stitutes the majority of ground ice encountered in permafrost areas and 
ranges from thin veins, barely visible to the naked eye, to thick tabular 
bodies of the sort described by Mackay (1971). 

Till plains, which consist of a relatively thin veneer of lodgement 
till overlying bedrock, make up roughly 50% of the land area in the 
vicinity of the Mackenzie River Valley (Hughes, 1974). The compact 
nature of these materials, combined with their relatively low permea- 
bility, almost totally restricts the formation of segregated ice. Next 
in areal extent are the clays, silts, and sands that were deposited in 


glacial lakes impounded along the valley during deglaciation. 


Ice in glaciolacustrine sediments 


Particular interest has been focused on ground ice formed within 
fine-grained glaciolacustrine sediments. These materials are the most 
potentially troublesome to geotechnical engineers due to the typically 
high water contents that render them unstable when thawed. A survey of 
naturally occurring instability in the vicinity of the Mackenzie River 
Valley reported by McRoberts and Morgenstern (1973) has indicated that 
mass movements are most frequently associated with the frozen clays, 
silts, and sands found in glacial lake basins. They also note the 


invariable occurrence of segregated ice in sediments exposed at the 
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headscarps of these landslides and flows visited in the course of their 
study. 

It seems probable that the construction of highway backslopes in 
these same deposits would be accompanied by the considerable risk of 
precipitating similarly unstable conditions (Pufahl ela la, 1974). 

Concern has also been expressed regarding the effects which local 
ground ice variability could have on the total and differential settle- 
ments sustained by a warm-oil pipeline founded in permafrost (peered 
aint, 1973). Bedded silts and clays which had been deposited in glacial 
lakes were identified as a problematic terrain unit and an extensive 
laboratory testing program subsequently demonstrated that design concerns 
were well founded. Additionally, ground ice structure apparently plays 
a significant role in sustaining slope retreat at the ablating headscarps 
of bimodal flows in these same silty clays (Pufahl, 1976). 

Although more detail regarding the field identification and de- 
scription of ground ice could be given, it is instructive to review the 
three most common structures developed when ground ice forms in soils. 
Without reference to origin or subsequent developmental processes, 
Tsytovich (1973) has described three easily distinguished structures 
shown schematically in Figure 4.6. 

Soils with massive structure contain-a uniform distribution of pore 
ice, and occasionally some fine, random, discontinuous veins. These 
soils are characteristically quite dense. They generally exhibit negli- 
gible to moderate thaw strains and satisfactory thawed strengths, with 
almost none of the structure associated with freezing being retained 


after thaw. The thawed behaviour of these soils is, then, not markedly 
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different from similar material that has not experienced a freeze-thaw 
cycle. The same generalization is certainly not true of soils with 
either stratified or reticulate structures, both of which exhibit re- 
duced shear strengths and larger strains upon thaw. Since these are 
apparently the most common ice structures found in glaciolacustrine 
sediments, the following provides a brief review of ice formation pro- 
cesses for each case. 

Taber (1929) concluded that conditions of high initial water con- 
tent and easy water access during freezing were favourable to the forma- 
tion of alternating soil and ice layers with an essentially horizontal 
attitude. A more quantitative description of the physical processes 
leading to the formation of rhythmic ice bands has been given by Martin 
(1959). Both authors have indicated that stratified structure is most 
frequently observed in relatively silty soils and can generally be. 
attributed to the transport of water to the freezing front which results 
in moisture contents that exceed the soil's pre-freezing equilibrium 
moisture content. Experience has shown that large thaw strains and very 
low shear strengths are commonly associated with soils containing a 
Stratified ice structure. 

Taber (1929) also conducted freezing tests on clay soils and ob- 
served that the low permeability limited water supply so that ice segre- 
gation caused shrinkage cracks to form. As freezing advanced, these 
cracks gradually filled with clear ice and enlaryed themselves, extend- 
ing downward and combining with horizontal veins to form a cellular or 
reticulate structure. In several instances, vertical or steeply inclined 


planes of weakness developed and intersected ice veins which had previ- 
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ously formed in essentially horizontal attitudes. Subsequent differ- 
ential growth of the horizontal lenses apparently caused local contem- 
poraneous 'faulting' along these high-angle flaws. The partitioning 
walls of clear ice were gradually thickened with water derived from the 
clay blocks contained within. Beskow (1935) has ene a similar 
process where water for ice veins growing well behind the freezing front 
was removed from the adjacent clay. 

More recently, Mackay (1974) has reviewed the literature concerning 
reticulate ice vein networks and, on the basis of his field observations, 
has discussed theories of origin and growth. He indicates that soils 
exhibiting reticulate structure yield little excess water when they 
thaw, lending support to the suggestion that ice veins have grown in 
shrinkage cracks and consist of water derived locally. The most fav- 
orable conditions for producing this sort of structure would then be 
where steep temperature gradients occur in massive soils with low per- 
meabilities. This observation is in close agreement with the sequence 
of events proposed by Hughes (1974), depicting the exposure and subse- 
quent freezing of a stratigraphic cross-section thought to be typical of 
conditions prevalent in the glaciolacustrine basins of the Mackenzie 
River Valley. Although segregated ice in clay typically appears as a 
reticulate network, thick horizontal bands of relatively clear ice, and 
even downward grading into massive segregated ice have also been report- 
ed (Hughes, 1973! Mackay, 1975; Pufahl, 1976). 

Since the reticulate structure is three-dimensional, it is espe- 


cially important to recognize this macrostructure in the examination of 


ice and soil in small diameter core samples. 


Hughes, 0.L. 1973. Personal communication. 
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Effects,.of,.thawed fabric 


Fissures present in soils possessing either stratified or reticu- 
late structure will probably produce significant increases in permea- 
bility at the low stress which normally correspond to field thaw condi- 
tions. 

Watson et al. (1973) found that undisturbed samples obtained at the 
MVPL Inuvik test site and thawed under low overburden pressures had 
relatively high coefficients of permeability. However, small increases 
in pressure caused a large decrease in permeability. This behaviour is 
also supported by the results of in situ permeability tests reported by 
Rowley et al. (1973). Thawed soil permeabilities of lo" cm/s con- 
siderably exceeded the values which might have been anticipated on the 
basis of the soil's grain size curve. In their analysis of performance 
data for a hot-oil pipeline test section at the same site, Morgenstern 
and Nixon (1975) chose to use laboratory permeabilities for the appro- 
priate stress range. They have suggested that the measured field values 
were too high and cite several reasons to support this view. 

High permeabilities have been reported for low plasticity clays 
from the Copper River Basin in Alsaka (Woodward-Clyde Associates, 1970) 
The results of falling head permeability tests performed on 2.5 in. (6.4 
cm) and 7.7 in. (19.6 cm) diameter samples are shown in Figure 4.7. All 
specimens tested were recovered from the same geologic unit. These data 
demonstrate the importance of relating sample size to soil structural 
features. The larger diameter cores clearly contained a more representa- 


tive sample of in situ fabric, specifically the fissuring associated 
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with ground ice. On this basis, it was concluded that the macrostructure 
was responsible for a permeability increase of at least two orders of 
magnitude in the low stress range. 

The development of a well-defined secondary structure has also been 
described in highway subgrade soils frozen under essentially closed- 
system conditions (Bergan, 1973; Bergan and Fredlund, 1973; Fredlund et 
EEE 1975). Laboratory measurements on remoulded and undisturbed clay 
samples have demonstrated that a freeze-thaw cycle produces a significant 
reduction in matric suction. These changes in the subgrade soil para- 
meters apparently influence the soil's response to dynamic loading, and 
hence contribute to the fatigue damage of overlying asphaltic concrete 
pavements. The explanation offered for the suction decrease is an 
accumulation of water in the secondary structure that results from the 
melting out of segregated ice. On thawing, the relatively higher moisture 
contents in the macrostructure control suction values measured in the 
laboratory. The action of external stresses and internal suction gradi- 
ents can, over the course of time, restore uniform soil moisture distribu- 


tions and ltead to an increase in observed suctions. 


Experience with structured soils 


It is clear that discontinuities produced by melting ice lenses are 
the dominant features in post-thaw fabric. On the basis of structural} 
similarities, a number of parallels can be drawn from geotechnical 
experience gained with similar materials which are more familiar in 


terms of conventional practice. Rowe (1972) has authored an excellent 
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treatise on the role of soil fabric in geotechnical engineering prac- 
tice. He emphasizes the need to firstly, recognize features of 

fabric during sampling operations, and secondly, take proper account of 
the effect that fabric details have on the interpretation of site geology 
as well as soil strength and consolidation properties. 

The consolidation behaviour of fissured clays suggests that sec- 
ondary structure provides additional drainage capacity, particularly at 
low stress levels (Kazi and Knill, 1969; McGown and Radwan, 1975). Test 
results indicate the importance of sample size and macrofabric for 
test ing Under istréesses*which bie “at or bélow the vin situ overburden 
pressure. As effective stresses increase, fissures close and the scatter 
in permeability data observed between otherwise similar samples decreases 
(see Figure 4.8). Permeabilities tend toward uniform values that are 


characteristic of the homogeneous intact clay. 


oO 


Marsland (1972) has described the role played by extensive fissur- 
ing in producing a nonlinear failure envelope for London clay. At low 
normal stresses, the soil behaves like a slightly dilatant granular 
material with the clay lumps remaining relatively intact during shear. 
The effects of large overconsolidation stresses are apparent only within 
the hard lumps. As the normal stress is increased, however, larger 
portions of the shear plane pass through the intact material and a 
definite peak strength is produced. The stress-strain curves obtained 
from this series of fully drained triaxial tests are shown in Figure 
4.9. Marsland also emphasizes the absolute necessity of testing rep- 
resentative soil elements (in the laboratory or field) with specific 


attention being paid to recognized relationships between sample dimensions 
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and the spacing of discontinuities. It seems reasonable to conclude 
that permafrost soils exhibiting a stratified or reticulate structure in 


the thawed state should behave similarly to fissured clays. 


Research objectives 


At present, there is a paucity of well-documented field case his- 


tories describing thaw-induced settlements or instability. This sug- 


gests that laboratory or in situ testing to evaluate properties of 


undisturbed fine-grained permafrost soils would provide information of 
considerable value. A primary objective in any preliminary study 
should then be an attempt to define the role of cryogenic structure in 
the geotechnical behaviour of thawing soils. 

Reference to Figure 4.10 provides a summary of the various pro- 
cesses thought to be occurring during the thaw of a fine-grained soil 
possessing reticulate structure. The frozen clay shown contains through- 
going sedimentary and cryogenic features. As thaw proceeds, water 
released from the melting ice network will soften the adjacent soil and 
flow along the secondary structure in response to any existing hydraulic 
gradient. Water will also make its way into bedding features such as 
silt lenses. 

Availability of water permits the soil blocks or 'peds' to even- 


tually swell to a moisture content in equilibrium with the in situ 


effective stresses. At the completion of thawing, it is probable that 
the secondary structure will be fully saturated and possess a moisture 


content somewhat higher than average. Lumps retained within the soft- 
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ened matrix will have lower water contents and may not be fully saturat- 
ed. If external stresses are high, water will continue to drain pre- 
ferentially along the fissures until effective stresses become suf- 
ficiently high to cause closure of the structure. Under these circum- 
stances, water migration would continue within the soil blocks. With 
lower external stresses, it seems less likely that drainage and local 
moisture redistribution would occur. Suctions within the lumps would 
then constitute the only potential driving water from the secondary 
structure into the intact soil. This model suggests several behavioural 
features that have a great deal in common with other soils possessing a 
definite secondary structure such as the more familiar fissured clays. 
The physics of thawing soils are understood reasonably well, and 
analytic solutions are now available for application to a wide variety 
of engineering problems. However, very little detailed information 
exists describing the geotechnical behaviour of thawing soils. With 
numerous important problems confronting the geotechnical engineer in the 
Arctic, it is probable that those situations involving the thawing of 
frozen soil will be the most common and potentially serious from both 
structural and economic points of view. Fine-grained permafrost soils, 
particularly glaciolacustrine clays, have been singled out for attention 
in this thesis. The subsequent chapters present a detailed laboratory 


examination of their geotechncial behaviour when thawed. 
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Figure 4.1 Cne-dimensional thaw-consolidation 
(after Morgenstern and Nixon, 1971) 
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a comparison of theory and experiment 
(after Morgenstern and Smith, 1973) 
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thaw cycle (after Nixon and Morgenstern, 1973b) 


et : 7 
7 _ 
¥o He 
| 
. , 
“ + 
‘ le 
r $< 7 
_ * ~ 
ae : = Goh » 
~ ley at Ub (peach Tr “ a : 
ean HOA IOANEYA ‘ 
A 4 ty Fae : r ROA W908 % 
et Str ese i Ls 5 
ly ~ ih aie rent yt oe » Lie 
= 2 y ' = 
ft - 
4 1. 
« a] 7 
s * 
es i] ~ i 7 : I hy 
ee . a 
iw 4 
Po gs” { oO 
Z i a P Y ms aot —/ 
ae ee ee 5 7 ae. 2 
é - PA % “ 
5 : a tec Chr a 
‘ ' y ¥ - j ont - a eal 7 » 
‘ i ry ’ : am } a} ad — a) 
wer ; ~ : 
aS a 4 ‘a rv 
poe Age ae ¢ 
~ “ 4 
oo ' = 
ar! , c 
i 8 + 
is : fy, 
* \ 
wv al 
ee ee ae ~~ “ — eee emmy tn ee ; 
é i st oo : og 5 _ 
eG ; i - a 
- . ¥ ti . eed rs + VI P93 143 ‘e 7 x a 
i r 7 ath i ‘ , 
ee SD) ee 7 uf eo s 
- im 
. J 7 
ae 2 ye berhia-«& pn yah bie2 & tat te 


o Ree 
aiwst mest 
(dit? fesse 
© ee eae 


4 # 2 DAL woRdP assis) ato ‘> wi 2 
. “ie . 


~ 


: i 


182 


[2S LS LL aT 


AB, esseqeujiy pajnzysysuodes 40} Ssa1}s 
JUdWeANSeswW 3y3 


w>/6%)} Ae 
O1 
i 


NIOSIA 
93010W34 


(GE/6| ‘usa suebsow pue uoxIN 40742) 


SISERUES EVNPOEEIEE: 


id 


iNIOd °0 @ 


373384 


JIVGNOSNOD 


100 
0 


ZO 
80 
ot 


Zl 


vi 


OllVds GIOA 


) 


(,w2/64) © 


’ 


jenpise4 4o 
Buianp pemo|,,;o}, suzed ssaiys Juss94I411q 


f° eanbiy 


SSduLS 3AILD3443 


exer ol to 100 


ee Te a 


373344 { 


3273344 


INI 
NOISS33dWOD 
NIOBIA 
ag3010W34 


INIOg 22 @ 


JIVGIIOSNOD 


0 


ae) 


LAC) 


Oliva GiOA 


3 


ygpdeta 


ee 
tc bua - 


{BS3P) 
ae 


4 


£25. 
= 
Fi 


= 


veg 
a hay 
f 


ees rs 


z 


Leia eL es 


seo 1 i 


@, 


ica? 


md 


ih ity 
+ 


= 


Ev<¢ee 


PS?) et 


facd GOR 2 


Fire 
e¢ 


& 


eps 
— e 


+ 


is 


4 
. 


be 


fece} 


: 
.- 


» 
es 

? = 
A 


& 
& 
- 

2 


75 PO. 


“a =, 
. 


# 


4 
e 


- 
E 
w 
> 
tl 


0 = 


18 


Ww 


CLASSIFICATION OF UNDERGROUND ICE 
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Figure 4.5 Classification of underground ice 
(after Mackay, 1972a) 
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(pore ice) (segregated ice) (segregated ice) 
Figure 4.6 Structure of frozen soils and associated ground ice forms 


(after Tsytovich, 1973) 
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DRAINED TRIAXIAL TESTS 
ON FISSURED LONDON CLAY 
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Stress-strain curves for drained triaxial tests on 
98 mm specimens of London clay (after Marsland, 1972) 
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FULLY THAWED 
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Thawing in a soil with reticulate structure 
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CHAPTER V 


LABORATORY STUDIES OF CONSOLIDATION IN THAWING SOILS 
5.1 INTRODUCTION 


A mathematical model to describe the process of consolidation and 
experimental results to substantiate the theoretical work have been 
discussed in Chapter IV. As a next step, it is important to more 
accurately determine the soil properties used in the theory, with par- 
ticular reference to natural materials. Subsequent sections describe 
laboratory tests on 10 cm (4 in.) diameter undisturbed samples of 
fine-grained permafrost soil obtained from three different sites in 
the Mackenzie River Valley. Discussions concentrate on the measurement 
of residual stress and consolidation properties, and an attempt is 
made to relate them to the depositional and thermal! history of the 


sediments. 
5.2 FACTORS AFFECTING CONSOLIDATION AND SETTLEMENT 


The analysis of consolidation and settlement in thawing soils 
begins with a determination of the effective stresses acting in the 


SOUL eau sche thaw front, the effective stress is described by: 
‘ = toy ! .] 
a (Xe) Ba tine uixee) Ue Ca) 


with symbols as defined in Chapter IV. The surface surcharge (Pe) and 


the thawed soils' submerged density (y') can be evaluated. With the 
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application of a step temperature at the soil surface, the depth of thaw 
(X) is related to the square root of time by the constant a. The de- 
pendence of the excess pore pressure (u (X,t)) on the thaw-consolidation 
ratio has been discussed in Section 4.3. Since the thaw-consolidation 
ratio contains both thermal and geotechnical properties, the precision 
with which pressures can be predicted will depend upon the accuracy 

with which a and c, can be determined. The residual stress (ot) is 
apparently best determined by laboratory measurement. 

Nixon and McRoberts (1973) have shown that in thaw problems, the 
dominant variables are ground surface temperature, the thermal con- 
ductivity of the thawed soil, and the quantity of water involved in 
phase change. Field and laboratory studies described in Section 4.2 
provide reasonable assurance of the general applicability of Kersten's 
(1949) -data in thermal calculations. Thermal variables entering the 
thaw-consolidation ratio are reasonably well-defined, whereas knowledge 
of the equally important geotechnical variables is less complete. 

The coefficient of consolidation is the parameter which describes 
the rate of dissipation of excess pore water pressures and is related 


to soil permability and compressibility by the following: 


c = “ (5.2) 
vw 
where k denotes the coefficient of permeability of the soil, and 


m denotes the coefficient of volume compressibility. 
Vv 
Mineralogy, texture, and stress history all influence compressibility, 


whereas permeability is, in addition to these factors, affected by fabric. 
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Rowe (1970) has suggested that m) can be adequately determined from 
oedometer tests. Permeability, however, should be obtained either from 


in situ measurements or laboratory tests on large diameter samples 


which include representative fabric. Even the results of in situ per- 
meability tests are subject to error since effects due to stress depen- 
Gencerane Uiiriculi torassess. Al) Dahir et al. (1970) have demonstrated 
the importance of scale and stress level in applying laboratory results 

to the interpretation of field data. They showed that consolidation 
coefficients calculated from field records of pore pressure dissipation 
could be as much as an order of magnitude higher than laboratory values. 
The tendency for these differences to decrease at higher effective stresses 
was attributed to the diminished role of secondary structure under 

fteld conditions. 

The difficulties involved in estimating either k or Mm FOr an, 
situ conditions are well known. No attempt has yet been made to account 
for the stress dependence of consolidation properties in the develop- 
ment of thaw-consolidation theory. Extensions do, however, include 
a nonlinear e-o' relationship with oy assumed constant. To include 
property variations in the theory is not yet practically justified, 
but a realistic value for Cy is essential to obtaining an accurate 
prediction of pore pressure. For problems involving thawing permafrost, 


in situ permeability tests are not feasible and will seldom be prac- 


ticable since the soil would normally be frozen at the time of the 
site investigation. This limitation increases the importance of obtain- 
ing and testing undisturbed samples which are representative of the in 


Situ fabric 
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The magnitude of the residual stress term in equation 5.1 has a 
significant influence on excess pore pressures predicted by the non- 
linear theory... A semi-logarithmic correlation has been found between 
thawed, undrained void ratio and residual stress, but additional test- 
ing of natural permafrost is required before this parameter can be 
routinely and confidently included in analysis and design (Nixon and 
Morgenstern, 1973b). Nevertheless, features such as cryogenic structure 
will influence the experimental measurement of residual stresses. 

The expression giving total settlement for thawing, non-homogeneous 


soils consists of two terms and takes the form: 


where A(z) denotes the thaw settlement parameter at depth z, 
m (2) denotes the coefficient of volume compressibility at 
depth z, 

Ao! denotes the effective stress change, and 

H denotes the thickness of thawed soil. 
The shape of the assumed thaw settlement curve in Figure 5.1] has been 
substantiated by thaw strain data reported by Watson et al. (1973). The 
thaw settlement parameter has been equated to the apparent relative 
settlement of a permafrost sample thawed under a no-load condition. A 
standard procedure to evaluate this quantity has not yet been estab- 
lished. Correlations between thaw strain and frozen bulk density have 
only been used to estimate settlements, so refinement of the test method 
is probably not justified. Thaw strain includes the large initial 


compression that occurs at low stresses as well as volume change 
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associated with the ice-water transformation. The second term in equa- 
tion 5.3 is settlement due to consolidation with my, assumed constant. 
For soils exhibiting large thaw strains, this term will be small when 
compared to the total settlement. If the prediction of time-dependent 
settlement is required, more involved formulations are available 
(Morgenstern and Nixon, 1971; Nixon, 1973). Transient settlement be- 
haviour is related to the dissipation of excess pore pressures and 
therefore depends upon the thaw consolidation ratio R. 

Much larger variations can be anticipated in the geotechnical than 
in the thermal parameters for soils. Knowing index properties and water 
contents, the rate of thaw in a frozen soi) can be predicted from pub- 
lished relationships with accuracy sufficient for most geotechnical 
purposes. The uncertainty in obtaining a value for a is considerably 
less than the uncertainty in estimating or measuring Cy 


In situ testing to assess thawed properties is precluded by prac- 


tical considerations. With laboratory testing as the only alternative, 
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care must be exercised to obtain truly representative results. Site 
investigation requirements should include the determination of accurate 
Stratigraphic, water content, and density profiles as well as obtaining 
undisturbed core suitable for laboratory testing. Tests on representa- 


tive samples should be performed over a stress range that approximates 


field loading conditions. 
5.3 MODEL FOR CLOSURE OF THE SECONDARY STRUCTURE 


In the process of thaw~consolidation, Cy is the most important 


geotechnical parameter and its magnitude is strongly influenced by the 
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permeability of the thawed soil. Recognizing permeability's stress 
dependence, Nixon (1973) has emphasized the importance of performing 
tests at the correct stress level to estimate in situ. permeability. 
Research cited in Chapter IV has shown that fissured soils exhibit a 
variation in permeability related to changes in effective stress. 
In most instances, a reduction in permeability has been found with 
increasing stress, and. these initial decreases become less pronounced at 
higher stresses. Stress increases reduce porosity, which in turn, 
diminishes permeability. The much larger reductions in permeability 
displayed by undisturbed soils have generally been attributed to closure 
of structural discontinuities such as. cracks, fissures, and root holes. 
The influence of cracks on the permeability of rock has been re- 
viewed by Morgenstern and Guther (1972) who draw attention to effects 
related to pressure changes. The aspect fatio of a crack is much higher 
than that of a pore, and since cracks are more prone to closure, stress 
changes have a significant effect on the permeability of a fractured 
porous medium. The use of Darcy's law to describe flow through a fis- 
sured or fractured media has been justified by Snow (1967). Water 
can then be assumed to flow everywhere in the medium and not just along 
joints and fissures. The equivalent permeability of such a material is 


given by: 


k=k.+k (5.4) 


where ke denotes the permeability of the fissure system (strongly 
stress dependent), and 
k denotes the intrinsic permeability of the soil (weakly 


stress dependent) . 
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The intrinsic permeability will remain essentially constant because 
compression of the soil skeleton will be negligible over the relatively 
narrow range of stresses anticipated for most thawing situations. At 
low stresses, the permeability of a joint or fissure system will sig- 
nificantly exceed the intrinsic permeability of the soil. Although the 
overall permeability will be a function of average effective stress, it 
is also possible that fissure closure could be induced by changes in 
Shear stress. 

Terzaghi (1960) has explained the permeability of a jointed rock 
mass by proposing a model consisting of three similar sets of mutually 
perpendicular joints. He assumed that plane laminar flow occurred 
through two sets of joints and at right angles to the third. Figure 5.2 
shows such an idealized soil mass with a set of intersecting disconti- 
nuities with a width of b and spacing DBD. The average velocity for 


laminar flow between two plates is given by: 


tee MLO i BES 
eo an (5.5) 
where b denotes the spacing of the plates (joint width), 
u denotes the dynamic viscosity of water, 
oP 


— denotes the pressure gradient, Vogl in which 

i denotes the hydraulic gradient. 
Discharge is then determined by the product of flow velocity and area 
can For thea soul element in Figure 5.2, a unit area 1S seen to con- 
tain a fissure area of Dabs, By making the appropriate substitutions 


into Darcy's law, the following is obtained: 
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Equation 5.6 suggests that small changes in b will produce large changes 
in Ke. Fissure closure will be determined by effective stress. By 
neglecting swelling effects, a functional relationship can be found 
between permeability, effective stress, and the geometry of the macro- 
structure of the soil. To describe experimental data typically obtained 


for fractured rock, Guther (1972) has suggested the function: 


we ee (5.7) 
(o_+T) 
a 
where C5 denotes average effective stress, and 


A, T, and N are empirical constants. 
Equation 5.7 will plot as a straight ee of log k against log (o_'+T). 
Since the stress dependence of permeability is directly related 
to fissure width, a similar relationship can be developed by expressing 


fissure width as a function of effective stress: 


b= Po (5.9) 
font 
where bo denotes initial fissure width, and 
n is an empirical constant. 


The fissure width for any effective stress is then substituted into 
Equation 5.6 to obtain the equivalent permeability of the fissure 
system. Adding this value to the intrinsic permeability (Equation 5.4) 


yields the apparent permeability as a function of stress. 
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Pigure 5. 39s ta iog=logp lot “of Stress“against “permeability. The 
behaviour of these thawed samples appears to be described adequately 
by a relationship with the same form as equation 5.7. The initial 
average fissure width and spacing can be estimated from the ice network 
visible on frozen soil samples. Since this method of describing fissure 
system geometry is an arbitrary process, it cannot be used to estimate 


in situ permeabilities with any degree of confidence. Adopting this 


approach to model the interaction between macrostructure and effective 
stress is useful in explaining the large changes in permeability which 
are observed in thawing soils. 

Combining equatiens 5.4, 5.6 and 5.8 yields the following 
expression: 
Vw De 


6D (o,'4T) 


3n 


which can be reduced to the same form as equation 5.7 if: 


An apparent value for n can be determined from the type of data shown 
in Figure 5.3. With the inclusion of the appropriate values for the 
other parameters, predicted and observed relationships between o' and 
k can be compared. 

Sample NW3-5A displayed a reticulate ice network that closely 


resembled the assumed configuration. Measurements of average geometry 
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were made and the exponent was evaluated from Figure 5.3. Figure 5.4 shows 
that the predicted o'-k curve agrees well with experimental results. 


Duplication of experimental data in this case was possible only because 


the exponent 'n' was evaluated from results that were to be predicted. 
The curves in Figure 5.4 demonstrate that the fissure closure model 
provides an explanation for stress-dependent consolidation properties in 
thawing soils. By developing a semi-empirical equation to describe the 
decrease in permeability with increasing stress, it is possible to 
obtain a better understanding of the een: made by the different 


elements of soil fabric in determining the soil's overall permeability. 
5.4 TESTING EQUIPMENT AND PROCEDURES 
Laboratory equipment 


Laboratory equipment has been developed to permit the detailed 
study of thawing soils. The most sophisticated and versatile item 
has been the permafrost oedometer or permode (Smith, 1972) used to 
perform thaw-consolidation tests on remoulded clays. The original 
apparatus and instrumentation are described in detail by Morgenstern and 
Smith (1973). Later, a number of design improvements were incorporated 
which permitted both the testing of undisturbed permafrost samples 2.5 
in. (6.4 cm) in diameter, and the measurement of residual stress. 

The objectives of this research program required that testing be 
done on a large number of 10 cm diameter samples. To facilitate sample 


preparation and test setup procedures, two larger diameter permodes 
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were designed and constructed. The following equipment improvements 
were made: 

1) The pore pressure measurement system was redesigned to min- 
imize its volume, eliminate air bubble entrapment, and permit 
transducer recalibration at any time. 

2) Modifications to the valving were included which permitted 
measurement of pore water pressures at either the top or base 
of the sample. 

3) Zero volume change valves were added to give complete control 
of drainage as well as to permit flushing of the top and 
bottom porous stones during and after test assembly. 


4) Base pedestal height was increased to reduce difficulty 


previously encountered in placing the lower 'o!' ring seal. 

5) A double 'o!' ring seal on the load cap minimized the possibility 
of leakage. 

6) Since there was no need to maintain controlled thaw with 
relaxed requirements for temperature control, thermo-electric 
modules were replaced by fluid being circulated through heat 
exchangers in the base and load cap. 

A diagram of the apparatus used for consolidation, permeability, 
residual Stress and thaw-consolidation tests is shown in Figure 5.5. 
The permode is basically a fixed-ring, low friction oedometer providing 
complete control of sample drainage and measurement of pore water 
pressures. The split barrel design developed by Nixon and Morgenstern 
(1973b) was retained to facilitate the testing of undisturbed samples. 


Because of its low thermal conductivity, the barrel exterior and bottom 


section of the base were made from polyvinyl] chloride (PVC). Following 
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earlier designs, the load ram was threaded into the load cap to minimize 
any tendency for tilting. Ram alignment was maintained by a Teflon 
bushing set into an aluminum guide bar. The barrel was lined inter- 
nally with a Teflon insert which, together with a greased rubber mem- 
brane, virtually eliminated friction on the sample sides. 

Sintered stainless steel porous stones replaced the usual carborundum 
stones which deteriorated and frequently cracked when subjected to 
freeze-thaw action. The lower porous stone was connected to the 
pressure transducer by ae 1/16 in: (0.16 cm) inside diameter bore. 

During the manufacture cf valve assemblies, care was taken to minimize 
the internal volume of the pressure measuring system. A small, threaded 
bleeder valve was built into the transducer block so the transducer 


could be zeroed to atmospheric pressure with no flow of water occurring 


either into or out of the sample. Undersized neoprene 


o' rings were 
used to seal the rubber membrane to ihe load cap and base pedestal. !n 
addition, the clamping action of the barrel on the lower 'o!' ring 
assisted in producing a completely watertight seal. Each of the 1/8 in. 


drainage tubes leading from the load cap were connected to valves which 
permitted the control of flow from top end of the sample. All valves 
used were 1/8 in. Teflon seated Whitey ball valves (zero volume change) 
and all tubing connections were made with Swagelok fittings. 

By clamping a linearly variable displacement transducer (LVDT) 
solidly to the load guide bar at. the top.of the sample. barrel esettle= 
ment was measured directly to an accuracy of better than 0.0002 cm 
(0, 000l- ins ean electrical resistance slrain-=cauged diaphragm pressure 


; . 4 ? 
transducer with a resolution of approximately 0.15 KN/m (0.02 psi) was 


used to measure sample pore water pressures and hydraulic gradients 
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applied in the constant head permeability tests. Provision was not made 
for the routine use of thermistors or thermocouples since adopting un- 
controlled thaw had eliminated the necessity for temperature measurement 
in most of the testing. However in thaw consolidation tests, both base 
and load cap temperatures were monitored by using precision thermometers 
to measure temperatures in the circulator baths. The accuracy obtained 
by determining the step temperature in this manner was checked by insert- 
ing a thermistor between the load cap and sample. By using pumps to 
circulate either refrigerated or heated fluid it was possible to mini- 
mize differences observed between the bath and heat exchanger temperatures. 
Shielded cables transmitted LVDT and transducer output signals to a 
data acquisition system which provided continual monitoring of pore 


pressures and settlements. 
Testing procedure 


Prior to each test, the permode and test specimen were placed in 
the sample preparation room for two to three hours to bring them to a 
uniform temperature in the -5 to -8°C range. Test specimens were turned 
on a small lathe to a diameter that corresponded to a close internal fit 
in the permode. Specimen lengths were usually in the 5 to 6 cm range 
but several as rene as 8 and 9 cm were tested. An overhead milling 
machine was used to face the ends plane to each other and perpendicular 
to the core axis. Complete details regarding procedures and equipment 
for sample preparation and storage are given in Appendix 8. 

To prevent freezing of the fluid in the pore pressure measuring 


system, earlier studies had made use of automotive antifreeze in a 50% 


om 


: bo 
a ier: 


=a ens eoniie em Ries 
Sever) eisemn: Pare Aregniw? ae : 


| Seed Med etd notadhiTaen 


eli : 
at Be > ie vert " mG ne . i Ae id | 7 by Pe 
i Carne % 


Sealerde -ysaigsse Wil”. s4eed row elagnts: aa a wild 
fe 


af ee 


7H sere wd bd WIakhs 2BW raanan ert wo whissabaqns? qote ane mh al 
; ’ 


A ba 
hs , ts 9a 
Ov UG Cia WE ehinet ons ete? ety baud 4 cHnaas, 
t ? a hes : 
ir a | ge i U Wo ci 4 ag . 
rt 1 J | 9 F oo ‘a rev r sori] = 4 ort bs 5 betetgoT77 


: - “4 ‘we eee . . n= : 
. wee Poet ola Tule heud toads Bokhvas AS Phe am ayave nor 
j vn 


‘ Fe ake dt Me he4 Ce ale. tee _ : iekiohetts ae 
ie: 


¥ * aa 
- i a - - . j s * 
a 
‘ 
-~ - = 7 
be : a r 
} 
i ha, e - LP hon a 
s ig a . | 
, 1k M Pern 
n ; at Ve rfc bie ‘ehetrsa sit, 25% Hobe OF 


ie . * 4 | aa ¥ 

ste) ae 4 Cia ae 0? Bier? oowes Gh ewi 77 moor Dicladaoneat ‘a 
. y ’ ch. 

Sis nt susan il : 


a a ee 
bats die Misael sage se9T Vepries IRS oF 2 


uta 
= 


119 Tensadnt -<bebts 6 ef tebhogeat wes “gst 7 alot b's vist e 


eee oe oa or e ait 8 i yi the ee | ois ra) on fest tasiedeaae * © m 8 7 ~ 
ieee re 
: ei tin geb AsawO AA, - Ss osha: suid ars wis’ al "et ee E 


4) 
roneiontin ne Be inten volbetind 


‘at nena ta aoa vit 


200 
Or stronger aqueous solution. Sample deterioration was not reported, 
but from the writer's experience, it is certain that these high anti- 
freeze concentrations caused significant erosion. To diminish this 
effect, an aqueous solution of reagent ethylene glycol was prepared at 
as low a concentration as possible while only marginally preventing 
fluid freezing at ambient cold room temperatures. By reducing the 
concentration of the freezing point depressant, sample erosion and 
chemical attack on the latex membrane were minimized. The deaired 
porous stones were cooled after being boiled in a 20% solution of 
ethylene glycol. 

Alternating between warm and cold environments produces conden- 
sation which is known to cause deterioration of strain gauge bonding. 
To avoid changes in calibration and zero shift, the pressure transducer 
was replaced with a solid plug during assembly to avoid unnecessarily 
subjecting the instrument to large temperature changes. A pre-cooled, 
pressurized source of deaired ethylene glycol solution was used to flush 
and deair the pore pressure measurement and drainage assembly. 

The process sofeplacing: a piece of frozen core into the permode 
was begun by rolling a rubber membrane onto the sample. The three ‘'o' 
ring seals were then slipped over the sample, outside the membrane. 
Before moving the lower porous stone into place, the recess in the base 
pedestal was flooded. With the stone in place, a wet filter paper was 
slid onto the fluid meniscus, taking care to eliminate all air bubbles 
trapped haiceiesu Excess fluid was wiped away and the sample in its 
rubber jacket was set directly on the filter paper. By rolling the 
membrane down and snapping the lower 'o' ring into its groove, the 


base seal was established. It was not always possible to remove 
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trapped air when this process was repeated for the load cap. Once the 
specimen was enclosed and sealed, the split barrel halves were positioned 
and bolted together. The Teflon liner and all 'o' ring grooves were 
routinely cleaned and coated with Dow-Corning silicone grease prior to 
each assembly. With the barrel and guide bar clamped into place on the 
base assembly, the ram was threaded into the load cap. Application of 
an axial stress*of 30.t0 750 EN/mno (4 to 7 psi) made it possible to 
Flush fluid through the lines and porous stones to remove any air trapped 
during setup, thus ensuring that the entire system was deaired. After 
closing all valves, the permode and sample were placed in a loading 
frame and prepared for testing in a warmer laboratory. This sequence 
was used to mount permafrost specimens prior to any one of the several 
different tests that could be conducted using the permode assembly. 

The layout of the complete system used in conjunction with the 
permode for thaw-consolidation, residual stress, consolidation, and 
permeability testing is shown in Figure 5.5. With the permode and 
sample in place in the loading frame, components were properly seated by 
applying a nominal stress of 75 to 100 tN (10°to 15 psi). Valves to 
both the load cap and base were opened to permit drainage and dissipa- 
tion of any pore pressures that remained in the measuring system. 
Following removal of the plug, the pressure transducer was torqued 
into its receptacle and deaired. Axial stress on the frozen sample was 
adjusted to the test value and heat exchanger lines were connected to 
their appropriate baths and pumps. Permode drainage lines were deaired 
prior to connection with volume change indicators or burettes. The 
pressure transducer was zeroed to atmospheric pressure and the LVOT 


was initialized prior to starting the test. 
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5: 5° DESCRIPTIONCOR SOPLSSTESTED 


The undisturbed permafrost samples used in this testing program 
were obtained from the following sites: 
1) A landslide headscarp on the left bank of the Mackenzie River, 
located approximately 35 km (22 mi) downstream (west) of Fort 
Simpson, N.W.T. 

2) Borings on the MVPL ice variability study site, 1.6 km 
(1 mi) northeast from the townsite of Norman Wells, N.W.T. 

3) Borings in the Noell Lake vicinity, some 27 km (16 mi) north 
Of. nuvi NoWeis 

It was anticipated that the Gineeareines ice-rich soils present at 
these sites would provide marginal or unsatisfactory foundation con- 
ditions for projects such as a buried hot oi] pipeline. Higher con- 
Struction costs associated with rerouting or implementing some form of 
above-ground support prompted and justified a detailed assessment of 
geotechnical properties for these materials. The geographic locations 
of these sampling sites have been indicated on Figure 1.1. 

Frozen core samples were obtained with a modified CRREL-type shell- 
auger core barrel, one meter in length. The 11 cm (4.25 in) internal 
diameter produced slightly oversized core which could then be trimmed 
during sample preparation to remove disturbed or desiccated material 
from its exterior. Sampling sites were restricted to locations where 
previous investigations had indicated recovery of fine-grained ice-rich 
permafrost soils. Limited research funds meant that site selection was 
restricted to those locations which were accessible from commercially 


serviced air strips. Descriptions of sampling equipment and procedures, 
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Site maps, borehole logs and soil classification test data appear in 


Appendix A. 
Fort Simpson landslide site 


In the vicinity of the landslide at Mile 226 (see Figure A.3), the 
Mackenzie River has cut its valley through the sediments of a proglacial 
lake. Intact slopes adjacent to the slide area are vegetated with mature 
white spruce interspersed with occasional birch. The inspection of 
soil exposures and a limited amount of test drilling indicate that the 
occurrence of ground ice in glaciolacustrine silts and clays is common 
in this region (McRoberts and Morgenstern, 1973; Rutter et al., 1973). 
In the valley west of Fort Simpson, the fine-grained sediments lie in 
a wedge-shaped body which thins away from the river. The thickness of 
silt and clay in the immediate vicinity of the sampling site appears to 
be in the order of 40 to 50 meters (130 to 160 cO)e 

The headscarp section exposed in October, 1973, was composed of a 
uniform deposit of silt.and clay with minor amounts of sand. A slight 
decrease in grain size was observed with depth and this was accompanied 
by increased plasticity. In Appendix A, a plasticity chart and typical 
grain size curves are een ene summarize the textural properties of 
the soils at this site. Distinctions between the four zones identified 
on the stratigraphic log of the headscarp were based on the soil and ice 
structures that characterized each unit in the exposure. The lateral 
variability apparent in the exposure suggested that there was little to 
be gained from measuring the depth at which each core was taken. 
Therefore, only the source zone and core orientation were recorded. 


Samples from this site were used to conduct an experimental study of 
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the effects which various types of ground ice structure would have on 
geotechnical behaviour. Laboratory testing was limited to samples 
extracted from the three lower zones. 

McRoberts (1973) and Pufah! (1976) have commented on the evolution 
Of ther s0iigprotile at this site. For the purposes of this study. Zone 
2 has been called a fossil active layer but it may also be flow debris 
that has been refrozen. Dendrochronological studies incidate that this 
site was subjected to an intense forest fire some 130 to 140 years ago 
(Pufahl, 1976). Thermal disturbance associated with this event could 
account for the marked structural differences between Zones 2 and 3. At 
the same liquid limit, material from Zone 2 invariably exhibited lower 
plasticity indices than the underlying soil from Zone 3. This may 
reflect textural coarsening due to the mixing-in of silt and sand de- 
rived from the mantle of deltaic or alluvial sand outcropping further 
upslope. In the exposure examined, materials that make up Zones 3 and 4 
appear to have remained undisturbed from the time of their deposition. 

When the same headscarp was visited a year later (after some 12 m 
of ablation retreat), the headscarp was considerably different, with new 
materials exposed consisting of a channel infilled by sand containing 
silty clay inclusions. Several inactive ice wedges were present at the 
upper surface of the sand. At this time, the sand was still overlain 
by material that resembled the Zone 2 mapped the previous year. Its 
presence suggests that Zone 2 was probably formed some time after 
glaciolacustrine sediment deposition had ceased and permafrost aggrada- 
tion had begun. The depth and age of the permafrost at this site are 
not known but its relatively warm temperature (-1.5°C to -0.5°C) indi- 
cates a condition of delicate equilibrium with prevailing climatic con- 


ditions. 
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Core samples were-taken from Zones 2, 3 and 4 in vertical, horizontal, 
and intermediate orientations. Figure A.6 shows a typical section and 
the following is a summary of the principal characteristics of each of 
the zones in the exposure: 
1) Brown sandy silt, thawed active layer. 
2) Grey-brown silty clay, highly disturbed with predominantly 
horizontal segregated ice. 
3) Grey silty clay, ccarse reticulate segregated ice structure. 
4) Dark grey silty clay, fine reticulate segregated ice inter- 
sected by thick, subhorizontal ice veins or layers. 
Variations in structure, density, and orientation permitted comparisons 
between significantly different samples that otherwise exhibited iden- 


“tical external features. 


Norman Wells site 


A previous study of the effects of ground ice variability on result- 
ing thaw settlements at the site near Norman Wells provided a consider- 
able volume of preliminary data (Speer et al., 1973). The insert in the 
location plan (Figure A.4) shows the array of boreholes initially drilled 
during the MVPL study (as well as the three subsequent borings made for 
this study, designated NW2, NW3, and NW4). Local relief is flat and 
several small, shallow lakes dot the area. Vegetation consists of a 
moderately dense stand of black spruce. A muskeg with scattered larch 
lies directly to the northeast. 

The site is in a shallow, poorly drained channel that lies at the 


foot of a long slope rising to the nearby Norman Range. It is underlain 
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by massive or thickly bedded silty clays that are a minimum of 12 m in 
thickness. These lacustrine sediments were deposited in an extensive 
glacial lake that was impounded along the Mackenzie valley during de- 
glaciation (Hughes et al., 1973). An upward textural gradation from 
clay through silt to sand is typical of deposits that would normally 
be expected in the central portion of a former lake basin. The profile 
contains variable quantities of ice in the form of randemly oriented 
veins up to 5 cm in thickness. Organic specks and discrete layers of 
sticks and leaves can be found as deep as 8 m. Below this depth, 
increases in density and plasticity are accompanied by a reduction in 
the quantity of segregated ice. Borings for this study were placed within 
a 2m radius to minimize the effects of lateral variability. A profile 
derived from the composite borehole log (Figure A.10) showed the following 
Strata: 
1) Mechanically and thermally reworked silts and sands (0 to 2 m). 
2) Silty clay with peat, low to medium plasticity (2 to 9.5 m). 


3)a Chay, "medtumetoehigheplasticity!® (9.5 to 12.54 m). 


Noell Lake site 


Examination of pipeline exploration boreholes drilled northeast of 
Ncell Lake had indicated a clay with low to medium plasticity. Rampton 
(1972, 1974) has described the general area as subdued, hummocky and 
rolling moraine composed of a dark, sticky clay with variable stone 
content. These sediments are certainly not glaciolacustrine and this 
final drilling site was selected to obtain samples of a material that 


was texturally similar to the previous locations, but that differed 


NOTES 
" ma a eal tins aa ; 


wt if dl ttn tm 6 ae sort 


sities Bir dat Sai ¥ 


i | nei ems! 
be witnaec — 


“3b et Aye) yandee biehe rere nds i 
mvt WT Sober shvustes snag ah (te wi p 
| | Ply oe 
¥ifouron Bivew Jade eri ecdaly Je. Ve yas wie hts 


~ 


‘at Cone? off “nleed etel sscheta Fe te et sr0q weit B40 of ete pee 


Bide ive Sue 
7 7 - 


. begs ve vViewboary Vo srrot Ay Wi Saito “01 1 inet 


io cts f eters Ib Gis shade wise i “Fatet. sit as 07 Loe a 


1¢ a { « 
7 Bed - ‘*) . ‘ 
* Wand ede woted "in + 26 yaod Tee pve ad Aes” “Sovest ‘Oris. wi : te 


ni neipsetes os v4 ishedinosds ie O13) tov tiie va Fene vit 26a 


i if \ 
; i A 
HAsIw Hoot etaw vite 2 FH foe Senge tt ee eth Gethoo ped hd ii sup sett 
Pate * wide teew foretet To ada hee sy eit ithe Stes 


LB PY? 4 
ea i a Poa eid (hes Ot" 2 ee Yo a got ‘a trp YO 42} bebo. ert" ‘mov? bavi ‘ 1S 


avs wt 
rea eae ie A ae Be 2 el ree Ry, Are Fe ae, Ars is — 5 
im 0 ot @ sabtiee ne <49!1% Sede oney el Faferety bos Yio ise 


Aten ot &) vt (a7 i-gore bo oe i hen Ga vee, tea it bw YW nts ‘ene y * 


. . nan anes & ; its a 
tie 4857 cd 28) Orbs teers Teil oF reba 5 ¥ yA 
7 7 Py _ 
= UP 
* si, Ws ‘ = he Lae 

_ ' Z ¢ ia = a 4 

aaa ee hag Ge ae hel ee 

e ° p - 

fy HcemGn BoPUT RN ew FORA git ‘rotated ints iat 0-46 seni 


 Kesanett Sri ewth ok GF Ww if matw ets * Morea’ net 9 
fou . at busses _ 

lite yoloeinyel cbontiaue ed-udhet foes — naa te bd bi PAE 
arches vi ie th Taw pati Social ) 


Ried bine eer | ‘tits vt ipionle Fam 
- 


7 , 
9 4s Vei-retew % 46 eelqnee hind 
motel hg eager oaks el 


207 


significantly in its depositional history. 

There are several thermokarst lakes in the immediate vicinity and 
local soils have probably been modified to some extent by thermokarst 
action. The morainic stony clay is thought to overlie a complex of 
texturally variable marine and fluvial sediments with relief being 
largely controlled by the presence or absence of massive ice or ice-rich 
beds at depth. Rampton (1974) has indicated that this ice is commonly 
found at the-contact between the stony clay (till or till-derived col- 
luvium) and the underlying coarser deposits. Excess ice appearing as 
discrete veins is also found within the stony clay. 

The drilling site was located at the margin of a slight linear 
depression that conducts surface runoff toward Noell Lake. Raised- 
center polygons or earth hummocks cover the area and produce a local 
relief of approximately 0.5 m. The sampling site lies at a lower ele- 
vation than the surrounding tundra and probably occupies the drained 
terminus of a migrating thermokarst depression. Active mudflows were 
observed along the margins of nearby lakes. 

The upper 1.5 to 2 meters have been subjected to severe cryoturba- 
tion in the active layer. Material below this is the ubiquitous stony 
clay which, at this site, has a highly disturbed appearance, The type 
and quantity of ground ice encountered with depth was extremely erratic, 
but a general increase in density with depth was indicated. A simplifica- 
tion of the profile-(Figure A:15) consists of: 

1) Reworked sandy silt, high ice content, present-day or fossil 


active layer (O'to 27m). 
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2) Dark grey silty clay with stones, low to medium plasticity, 
highly disturbed, ice content extremely variable (2 to 8m). 
3). Grey. silt and fine sand, ie plasticity, contorted bedding, 
high ice content (8 to 10.5 m). 
h) Stony clay as. above (10,5 te 12+ m). 
The generally fine-grained texture of the soils sampled and used in this 


study is summarized for the three different sites in Figure 5.7. 
5.6 RESIDUAL STRESS MEASUREMENTS 
Testing procedure 


With the sample prepared and mounted in the permode as described in 
Section 5.4, uncontrolled thawing was initiated by circulating warm 
water through both the load cap and base heat exchangers. The usual 
procedure was to he this portion of the test with an applied vertical 
stress equal) te approximately haly the estimated in situ ei fective 
overburden stress. Thaw typically took from 30 to 60 minutes, depending 
on sample height and ice content. Base pore water pressures were 
monitored continually and if sub-atmospheric values were observed, 
load increments were applied to keep pore pressures slightly positive 
and thus avoid damage to the pressure transducer. At the completion of 
thawing, the sample.and permode were brought into thermal equilibrium 
with the laboratory room temperature. 

Nixon and Morgenstern (1973b) have described two methods for the 
determination of residual stress in saturated soils. The technique 


adopted in this study was a modification of their ‘null method' which 
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which maintained pore water pressures close to zero during the thawing 
portion of the test by manipulating the applied total stress. The 
possibility that permafrost soils might not always be fully saturated 
was confirmed by test data that is discussed in Chapter VI of this 
thesis. At the end of thaw, observations of pore pressure response to 
additional load increments ensured that neither side friction nor small- 
scale non-homogeneity influenced the measured value of residual stress. 
Results from tests on typical soils in the Norman Wells and Noell Lake 
profiles are given in Figures 5.8 and 5.9. If leakage was observed past 
any seal, or the pore pressures measured at the base continued to decay 
under constant total stress, it was apparent that the sample was not 
being maintained in an undrained condition. These conditions constituted 
justification for the rejection of data from the residual stress portion 
of tnat particular test. 

The pore pressure reaction curves obtained suggest that residual 
stress can be determined by extrapolating the response line to a ver- 
tical stress that corresponds to a condition of zero pore pressure. The 
slope of the line also provides some indication of the overall pore 
pressure response of the soil. Assuming that the maximum stress acts 


vertically, the relationship given by Skempton (195%) can be written as: 


p= Me (5.11) 
2 Vv 
where B denotes the overall pore pressure coefficient, 
Au denotes the increase in pore pressure, and 
Ag )=Ao denotes the increase in the major total principal 


stress (vertical). 
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Determination of the overall pore pressure coefficient is important 
in the estimation of pore pressures at the thawing front, since a B of 
less than unity will have the effect of reducing predicted magnitudes of 
pore pressure. The decrease observed in B with increasing density and 
residual stress is consistent with the overconsolidation and possible 
desaturation known to accompany closed-system freezing. Further dis- 
cussion of pore pressure response to total stress changes is given in 
Chapter VI. 

At the completion of each test, the total stress was decreased to 
an intensity equal to approximately twice the residual stress. Undrained 
thaw strain was determined by noting the total compression that had 
occurred during thaw and pore pressure reaction testing. Figure 5.10 
shows values of this parameter measured on selected samples from the 
Norman Wells site. Disregarding the two samples which contained sig- 
nificant quantities of peat, undrained thaw strains are in close agree- 
ment with the solid line representing the computed contraction associated 
with phase change. 

Consolidation was initiated by opening the top and bottom drainage 
valves. Measurement of expelled water volumes permitted calculation of 
moisture content and void ratio changes with each stress increment. The 
LVDT monitored vertical strain and its signal was recorded at specific 
time intervals by the data acquisition system. Permeability, compres- 
sibility, and consolidation coefficients were determined in the usual 
manner from each successive application of load. Constant head permea- 
bility tests were routinely performed at the end of each consolidation 
stege and a detailed discussion of test procedure and results appears in 
the next section. Data from the residual stress, consolidation, and 


permeability tests are summarized in tabular form in Appendix C. 


bre witht ediaaestt Se Mt 
te neaaim had Wotteh todtoowt Get’ Wilacsasysi gos ok resist sth er 
© Sey le ee oe br gurdryt sreteyteore qieartco ye t= aorta svi | 
ai ny Pte ‘sonatas yobs [ste or eetoasy weed, sone naa 
eee + tink oe ‘ - ee a Se ee awenng 
oF bodeiadie: sys pe at favs? 244 {deed Ap ae ho noi teteaoarataraAsi | 
rar cheats V2 Baty’ ‘agg ye ah oS yal Beha Bi lag Pagan oa itdling yisassal ng 
SB ser d ORP TENDS th 10) hate, Quon ys hen trereaob teal ese, wera: 
; erat Sas (agra idl og the? er 5 saber sii dbeecdly Nhe ~ae® pnp tet bsrusoe : 
bd GP kot dneh Se foes A bpitenam wetondyay 2 kdaedet cous dv anode 
“i PRET dani ah Phe’ Sof Gk Poot outs Chit Sepst2td vette atfol cinta 
Sige Buds eT ae ye UY i hg Sing 8 eS erage inde? - 7 
age tseeae rth er sos ete cna oh FT ileal avy: ava 
“Smet be hei na he aig Ey ont rate BA cae oh aT o 
ha untae has har tim Bh eG tn OW io 8 Rata I. 
ant * ayes re diem diy the Hat orate oh bene. ab iistends. asec 
3h hinted ‘sate Sabet RA te BT Bhi eRe | Pla T rho ee 
9 Sait + lO PaaS (00 Bye noi yre Hips Shab git he 
gi adh ey thi a eens vow Neat tho stir sashes 4 
Se eae hipaa WRT iy Aethnw aT Toke ay teeisome hawks 
Sr at aahhedaldastinevaiasnbuiaitanbs 
“thea EBA aN Sing BRAS SENG A de, pe edi a 
Sie Cahahiae saeavie ps 


A - 7 1 


211 


At the completion of testing, all drainage valves were closed and 
external loads were removed from the sample. The cores were removed for 
water content determination which, in turn, permitted calculation of the 
void ratio for any point in the test. It should be noted that volume 
changes from settlement observations on some of the denser samples cften 
exceeded the volume of water expelled during consolidation. I{n addition 
to the reasons given by Nixon and Morgenstern (1973b), the greater 
variability of residual stresses measured for undisturbed samples refrozen 
at higher stresses may have been caused by desaturation effects. 

Residual stresses were also measured in a triaxial cel! and close 
agreement was found with results obtained in the permode. Initial tests 
on silty clay from the Fort Simpson site frequently indicated negligible 
residual stresses. These samples had been thawed under very low cell 
pressures and it was suspected that the absence of a pressure gracient 
during thaw allowed most of the water produced by the melting of dis- 
crete ice to remain in the cryogenic fissure system. Measured pore 
pressures then reflected the response of the high water content soil 
occupying and adjacent to the secondary structure. Testing consistently 
yielded very low residual stresses, regardless of sample density. The 
tendency to measure the response of the secondary structure instead of 
the whole sample was overcome by thawing triaxial specimens under a 
moderate cell pressure. This procedure seemed to assist and accelerate 
the process of moisture redistribution prior to conducting the residual 
stress test proper. Cell pressure increments were applied in a manner 
similar to that adopted in the permode test procedure. Pore pressure 


response observed in these tests allowed evaluation of the pore pressure 
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parameter B. Samples used in triaxial shear strength tests were routinely 


subjected to the same procedure. 
Laboratory test results 


The existence of a linear relationship between the thawed, undrained 
void ratio (e,) and the logarithm of residual stress (o, ) has been 
demonstrated for both reconstituted and undisturbed permafrost soils 
(Nixon and Morgenstern, 1973b). The results reported in this thesis 
provide a convincing confirmation of this relationship. An attempt to 
correlate residual stress with frozen bulk density proved unsuccessful. 

Figure 5.11 presents both permode and triaxial cell determinations 
of residual stress for material from zones 3 and 4 of the Fort Simpson 
landslide headscarp. The data is confined to a relatively narrow band 
and agreement between results obtained with the two different types of 
testing equipment is encouraging. Similar relationships are given in 
Figures 5.12 and 5.13 which summarize residual stress data from the 
Norman Wells and Noell Lake sites. 

Several patterns emerge from the data. Firstly, it would appear 
that the slope of the ary log o. relationship is related to plasticity 
since the highly plastic clays from Norman Wells were found to have the 


{ 
steepest e, - oy line. Lower plasticity indices for the siltier clays 


1e 
from the Fort Simpson and Noell Lake sites give reduced slopes, with the 
flattest one corresponding to the clayey silt found near the surface at 


the Normal Wells site. This behaviour is consistent with the conceptual 


model presented in Section 4.3 to explain the development of residual 
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stresses in thawing soil. Higher plasticity is usually associated with 
an increased clay content, which in turn, causes greater compressibility 
and a potential for larger negative pore pressures during freezing. The 
combinaticn of these two features produces a steeper curve for the 
residual stress-void ratio relationship. 

Secondly, there is a tendency for a reduction in scatter of the 
data with increasing residual stress for all soils except the medium to 
highly plastic silty clay at Norman Wells. The different behaviour 
exhibited by this material is probably related to the frequent presence 
of peat layers in the test specimens. Uncertainty in the computation of 
void ratios is increased by the presence of organic material. The 
presence of peat also increases the difficulties associated with pcre 
pressure measurement since it decreases the system stiffness. If problems 
with compliance or side friction were not encountered at higher stress 
levels, the uniformity of measured residual stresses would increase as 
effects related to secondary structure were diminished by its closure. 
At lower stresses, however, differences in residual stress might be 
anticipated between two similar samples at a given void ratio, due 
entirely to differences in the macrostructura! response. 

In addition to providing properties such as permeability and the 
coefficient of consolidation, compression following residual stress 
measurement also provides an e-log o' relationship for each soil tested. 
Nixon and Morgenstern (1973a, 1974) have indicated that to predict pore 
pressures during thaw, o. must be determined when a nonlinear function 
is used to describe the deformation of the soil skeleton. To evaluate 


residual stress indirectly for ice-rich soils, they suggested a graph- 
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ical construction which extrapolates the e-log o' line back to the 
thawed, undrained void ratio as shown in Figure 5.14. The absolute 
accuracy of the residual stress obtained in this manner was shown to be 
of secondary importance. Since it was not possible to perform a thaw 
consolidation test and measure the residual stress on the same sample, 
they assumed that for ice-rich soils, the value of a0! was so smal] that 
the extrapolation procedure approximated the first portion of the e-log 


ej 


curve with sufficient accuracy. 

For a number of samples, residual stress determination was followed 
by consolidation to define the e-log o' relationship. Figures 5.15, 
BlGs and 5. 7. Show data of his. sort for boreholes at the Norman Wells 
and Noell Lake sites with depths as indicated It should be re-emphasized 
that each void ratio calculation is subject to some error if organic 
material is present, or if the soil is not fully saturated. Using the 
best available data for specific epee of soil solids and assuming 
full Saturation, it can be seen that the measured residual stress points 
(open circles) consistently fall on the extrapolated e-log o' line. 

This provides a convincing demonstration of the general applicability of 


ei Omeros t= 


the procedure described for the graphical construction of a 
thaw consolidation data. 

Further inspection of Figures 5.15 and 5.16 reveals the remarkable 
uniformity of the compression index (slope of the e-log o! line) over 
the full soil profile at the Norman Wells site. Disregarding absolute 
values of void ratio, this consistent compression behaviour attests to 


the similarity of the depositional history and soil constituents through- 


out the depth interval sampled. These similarities become more apparent 
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when the microfabric of the undisturbed soil is examined with the aid of 
a scanning electron microscope (Appendix B). Although the percentage of 
silt sizes determined by hydrometer analysis was variable, fabric 
inspection showed that identifiable silt grains were almost totally 
absent. Instead, silt-sized particles appeared to be aggregates of 
kaolinite and illite clay sizes. This general uniformity at the micro- 
structural level provides some insight into the uniformity of the compres- 
sion index where textural changes would normally suggest significant 
behavioural differences. 

A similar trend did not emerge for samples from the Noell Lake 
site. The variability in compression behaviour found for these soils 
reflects the highly erratic and disturbed nature of the soils encountered 
in this profile. Linearity of the e-log o' relationships remains a 
consistent feature. 

Differences in void ratio at the same stress level exhibited by 
soils which wee to be similar can be attributed to inaccuracies in 
the determination of the specific gravity of soi! solids (G.) and the 
degree of saturation (S) used in void ratio calculations. G. tests were 
invariably performed on samples from which organic material had inten- 
tionally been separated. This procedure, although aiding in the charac- 
terization of soil minerals, tends to artificially elevate void ratios 
computed for soils which do contain significant quantities of organic 
material. Skempton and Petley (1970) have shown that a*correlation can 
be developed between ignition loss and G. for organic and peaty soils. 
The highly variable nature of peat inclusions in the upper 8 m of the 
Norman Wells soil profile precluded the application of such a correlation 


to void ratio calculations since ignition loss determinations would have 


been required for each sample tested. 
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For nearly ali .ot the tests shown in Figures 5.15, 5.16, and 5.17, 
the residual stress point plotted at the thawed, undrained void ratio 
lies on or slightly below the extrapolated e-log o' line. Points along 
the consolidation compression curve are back-calculated from the final 
water content and measurements of water volumes expelled during each 
loading stage. The assumption of full saturation is probably reasonable 
at higher consolidation stresses but many samples tested in this study 
were almost certainly unsaturated at the time of thaw. Direct evalua- 
tion of the degree of saturation was hampered by uncertainty in the 
accuracy of G. for each particular sample. It is Ee that by using 
values of S of less than unity in calculating void ratios, residual 
stress points would be moved closer to or even above the extrapolated 
e=logec. Jines.. The occtirrence of peat inclusions was confined to 
samples from the Norman Wells site since soils from other locations were 


essentially free of organic material. 
Summary of results 


All of the available results from experimental determinations of 
residual stress for both undisturbed and reconstituted soils are 
assembled in Figure 5.18. Here, the thawed, undrained void ratio (e,) 
is plotted against measured residual stress ion) using a logarithmic 
scale for stress. Water content and void ratio have been related by 
assuming full saturation and an average soil grain density of 2.7. 

In many respects, these data are similar to the sedimentation compression 


curves given by Skempton (1970). At a given void ratio, residual stress 


is apparently dependent upon the amount of clay mineral present as 
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indicated by the liquid limit. The fact that more plastic soils exhibit 
higher residual stresses for any given water content has been discussed 
previously. The various materials summarized in this figure have simi- 
lar clay* mineralogies and consequently, effects related to this 

variable could not be determined. Figure 5.18 suggests that typical 
Mackenzie Valley soils with bulk moisture contents of 35% or less might 
be expected to exhibit a significant residual stress. Geophysical 
methods (e.g. surface resistivity) may prove to be a feasible means 


of tdelineatingPthis ‘characteristic moisture content in situ. 


If the data appearing in Figure 5.18 are replotted in terms of 
krquidity ttndex “instead qf void ratio, the points for clay soils are 
seen to occupy a distinct band as shown in Figure 5.19. It is inter- 
esting to note that the slope of this band is essentially identical to 
that for the sedimentation compression of clays reported by Skempten 
(1970). However, at any particular liquidity index, residual stresses 
fall significantly below corresponding effective overburden pressures 
(Po) for normal consolidation. The similarity of the band slopes may 
explain the tendency observed for residual stress distributions with 
Gepiittomahl parattelMterths in situ effective stress line. 

The Siecre pened between of and the effective overburden pressure 
at the same liquidity index is related to the stress path followed to 
reach each condition. In Figure 4.4, we have seen freeze-thaw action 
bring about a large decrease in void ratio under-conditions of constant 
applied stress. To obtain the same void ratio (or liquidity index) 
along the virgin compression line would require much larger effective 
stresses. Effective overburden pressures during normal consolidation 


are defined by the virgin branch of the e-logo' curve, while in a 
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closed system, residual stresses are determined by swelling to the pre- 
freezing void ratio. The differences in e-logo' behaviour between 
virgin compression and swelling are well known. The flat line followed 
during swelling subsequent to thaw means that small increases in void 
ratio will produce large reductions in effective stress. Thus, con- 
sidering the stress path followed during a closed system freeze-thaw 
cycle, it is reasonable to expect that the LI-togo! line should fall 
well to the left of the LI-log i line. Experimental results are in 
agreement with anticipated behaviour. 

The’ line for sits “in ‘hiqure 5719; although paral lel) to the clay 
band, lies some distance to its right. A plausible explanation for this 
deviation is that liquid and plastic limits used in the LI calculations 
may be in error. The composition of the sandy silt unit (8 to 10.5 m) 
at the Noell Lake site was irregular and it is quite possible that 
Atterberg limits determined in that interval were not representative of 
the material included in the residual stress samples. Limits given by 
Nixon and Morgenstern (1973b) were used to compute liquidity indices for 
the various undisturbed Norman Wells silt samples. A summary of site 
conditions at the Gas Arctic test facility (Pemcan Services, 1972) 
indicates that a more plastic soil is present below the 2.5 m depth. 
Using these alternate liquid and plastic limits to recompute LI values 
moves the silt line much closer to the other data. 


Several correlations can be derived for residual stresses, but for 


the purposes of design work, expressing the data in the form e,-log om 


curves for each geologic unit (as* shown .in Figures 5.11, 5.12,.5.13 and 
By 19) is probably most Satisfactory. This: form of presentation describes 


the laboratory results for a particular soil in a straightforward manner 
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and defines the relationship between residual stress and the thawed 


undrained void ratio. 
esi lurprotiies: 


Nixon and Morgenstern (1973b) found an approximately linear increase 
in residual stress with depth for another site at Normal Wells (CAGSL 
test site, formerly operated by Gas Arctic; site plan in Figure A.4 
shows the location). With laboratory results obtained in the course of 
research toe this thesis, it was possible to obtain a similar correla- 
tion to depths of 12 m at both the Norman Wells and Noell Lake sites. 

Residual stress profiles are given for boreholes NW2 and NW3 (Nor- 
man Wells site) in Figures 5.20 and 5.21 respecitvely. A trend for 
increasing residual stress with depth is clearly demonstrated in each 
case. The solid lines shown are probably a reasonable approximation of 
the actual inesit@ relationship. Open circles on the density profile 
indicate the Ye of samples for which residual stresses were determined. 

The two boreholes were drilled within 2 m of each other, and con- 
sequently, the density profiles are similar. The solid line indicating 
the relationship between density and depth is a curve drawn through 
density averages for sampling intervals of 0.5 m. It can be seen that 
om for samples with higher than average densities plot to the right of 
the apparent Oo, “depth relationship. The opposite is true for samples 
with below-average density. A change in residual stress behaviour is 
seen at the transition from low to high plasticity clay near the 5 m 
depth. Below this depth, one is related to density deviations produced 


by peaty layers, local desaturation, and local accumulation of ground 
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ice, This natural variability is, in turn, related to temporal and 
spatial fluctuations of processes that governed formation of the sediment 
profile. A more detailed discussion of the transport and depositional 
agencies responsible for the accumulation of materials encountered in 
this glaciolacustrine sequence appears in Appendix A. 

In Figure 5.22, a similar presentation of data is given for bore- 
hole NL2 at the Noell Lake site. Quantities of ground ice encountered 
between the depths of 1 and 8 m were extremely variable, and are reflected 
in both the density and residual stress profiles. This site is located 
among active thermokarst lakes and the majority of the section sampled 
may have been reworked by thermokarst migration at some time in the 
past. Even with this disturbance, a general trend emerges which indicates 
an increase in residual stress with depth. The sandy silt between 8 and 
10.5 m was very ice-rich, exhibiting low density and zero residual 
stress. Directly below this, a sharp increase in density eee eee a 
corresponding response in the residual stress. The low plasticity silty 
clay at the bottom of the borehole appeared to be much less disturbed 
than the texturally similar material sampled nearer the surface. The 
extraordinarily high ce values in Figure 5.22 came from samples which 
were almost certainly unsaturated. Difficulties and uncertainties in- 
volved with the measurement of pore pressures in unsaturated soils raise 
questions regarding the credibility of residual stresses determined in 
these few tests. By contrast, other samples in close proximity had high 
ice contents and consequently, zero residual stress. A more detailed 
description of local and regional geologic features pertinent to this 


profile are given in Appendix A. 
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An increase ir residual stress with depth has been shown for both 
the Norman Wells and Noell] Lake sites. Specific geotechnical data has 
been related to a sequence of geologic events that seem reasonable for 
each locality. Even so, a number of criticisms can be applied to this 
data, the most obvious being that in many instances, densities of 


samples tested did not correspond to the average in situ density. Again, 


this point raises the controversial question of representative sampling 
and testing discussed in Section 4.5. Until test results from large 
samples are used to corroborate field test observations or performance 
data, little more can be done to advance existing confidence in the 
Measurement and prediction Of residual stresses) tm situ. It “is encour 
aging to note that theoretical concepts developed earlier appear to be 
consistent with the behaviour of natural soils. Furthermore, the fact 
that samples containing segregated ice can exhibit substantial residual 
stresses and small thaw strains suggests that many of the behavioural 
inferences made on the basis of currently accepted ground ice logging 


JH QeSc Ute ee be subject to careful review. 
5. /  PERMEABILYT TY? MEASUREMENTS 
Testing procedure 
At the completion of each residual stress test, samples were sub- 
jected to one or more load increments to determine consolidation char- 


acteristics. Permeability coefficients could be calculated indirectly 


from the consolidation data for each stress increase, but it was recog- 
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nized that these values would be influenced by the accuracy with which 
the soil's compressibility and coefficient of consolidation had been 
evaluated. Since the permode enabled complete control of drainage, it 
was a simple matter to obtain more reliable data by conducting constant 
head permeability tests at the end of each consolidation stage. Figure 
5.6 details the plumbing which allowed water to be conducted under 
pressure through the transducer valve assembly to the sample base. This 
procedure permitted accurate measurement of the applied head at any time 
during the test. 

The water supply was maintained at constant pressure in a reservoir 
mounted approximately one meter above the permode. Pressures applied 
were kept well below those transmitted to the specimen by hanger loads. 
At low consolidation stresses, the pressure reservoir was opened to the 
atmosphere so that only a small gravity head was applied to conduct. the 
permeability test. As hanger loads were increased, regulated air pressure 
was incremented in the reservoir to increase the applied head. The 
imposed hydraulic gradient could then be computed by evaluating the 
current length of the sample. Venting the reservoir to atmosphere also 
provided a convenient check on the transducer's calibration factor. 

Drainage from the top of the sample was measured in a burette 
attached to a moveable mount. During tests with small applied heads, 
gradient fluctuations were minimized by adjusting the position of the 
burette to keep the outflow water level at a corstant elevation. 
Permeabilities were computed from the record of outflow volume against 
time. Use of the falling head method was confined to samples from the 
Fort Simpson landslide headscarp which were tested in a 10 cm oedometer 


rather than the permode. 
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Permeabilities obtained by the three different methods described 
above were in good agreement for samples which were fully saturated. 
Differences between the indirect results and permeabilities measured by 
direct methods were usually noted whenever soils were unsaturated 
or contained discrete organic layers. To conduct direct permeability 
tests on these materials, water was flushed through the sample for a 
reasonable length of time before flow measurements were commenced. It 
was hoped that this procedure would serve to fill the voids along the 
principal flow paths. Correspondence between volumes of inflow and out- 
flow measured in several such tests confirmed the applicability of 


this technique. 


Laboratory test results 


Core was taken from the Fort Simpson landslide headscarp in a 
variety of orientations, and samples contained both stratified (Zone 2) 
and reticulate (Zones 3 and 4) ground ice structures. Permeability test 
results for samples from Zone 2 are shown in Figure 5.23. The develop- 
ment of ground ice has produced a system of horizontal structural dis- 
continuties which might be expected to produce anisotropic permeability. 
The experimental data confirms this impression since the stratified 
structure apparently contributes significantly to the bulk permeability. 
This observation does require some qualification, however, since closure 
of the horizontal structure was probably inhibited by the inability of 
the permode to model in situ stress conditions and still measure direc- 
tional permeability. A permeability ratio ranging from 5 to 10 in the 


fh hee : 
low stress range (less than 50 kN/m’) is probably representative of 
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field behaviour. These curves illustrate the extremely non-linear rela- 
tionship between permeability and effective stress and confirm that 
relatively large permeabilities are encountered in the low to moderate 
Stress range. 

In Figures 5.24 and 5.25, similar data are shown for material with 
reticulate structure obtained from Zones 3 and 4. No attempt was made 
to distinguish between the behaviour-of these two soils since the struct- 
ure for each was quite similar, even though Zone 4 samples tended to be 
slightly denser. Having recgonized the difficulties associated with 
interpreting oedometer data from tests on horizontal core, no attempt 
was made to explore anisotropic effects with the reticulate structure. 
Here again, a permeability decrease of approximately two orders of 
magnitude was produced by increasing the effective stress to approximately 
50 kim. The reticulate structure apparently exhibits much larger 
differences in behaviour between samples under the same pressure, which 
indicates a greater variability in the structural sensitivity to stress. 

Figure 5.25 shows an expanded section of some of the curves given 
in Figure 5.24. A general trend for lower permeability with higher 
density is apparent, but the sample with the lowest density (1.65 Mg/m?) 
also exhibited the most rapid decrease in permeability as the effective 
stress were increased. This core contained a thick, sub-horizontal ice 
lens which Aa ee sample density but contributed little to the fabric 
enhancement of permeability. Deviations such as. this only serve to 
emphasize the need to select test specimens carefully when attempting to 


obtain an accurate representation of in situ structure. When working 


with core obtained from a borehole, the assessment of structure can 
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prove to be a difficult task. It was fortunate that the landslide 
headscarp exposure provided an excellent opportunity to obtain an accurate 
impression of the bulk structure, one which could not have been gained 
from examination of core. 

Data from the Zone 3 and 4 material exhibited considerably more 
scatter between samples than did the vertical permeabilities measured 
fOr SOM trom Zone 2, Clostire of the stratified structure in the latter 
was a direct result of the vertical stress applied, whereas the reticu- 
late structure's response was also influenced by changes in horizontal 
stress. This feature, in combination with a wider range of frozen bulk 
densities, accounts for the greater amount of data scatter exhibited 
under low stresses by material from Zones 3 and 4. Terminal or intrin- 


yj i! 


sic permeabilities of 1 x 10 ’ cm/s were lower than the 4 x 10 ‘cm/s 
determined for Zone 2 soils which reflects slight textural differences 
between the units. Although no experimental data is available for 
larger samples, inspection of the discontinuity spacings in these speci- 
mens indicates that the 10 cm permode was probably large enough to 
eliminate most of the scale effects relating to secondary structure in 
these particular soils. 

Selected permeability data for samples from the Norman Wells test 
site are given in Figure 5.26. Once again, the large decrease in per- 
meability associated with structural closure at low stresses is a dominant 
feature. Intrinsic permeabilities measured at higher stress levels are 
consistently lower for soils with higher clay contents or plasticity. A 


wide range in permeabitity is apparent, even at high stresses, because 


materials encountered at this site range from silts to highly plastic 
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clays. Even so, as would be predicted by the fissure closure model 
discussed in Section 5.3, macrostructure dominates permeability behaviour 
in the low stress range. 

Similar results obtained for samples from Noell Lake are summarized 
in Figure 5.27. The ice-rich and highly structured near-surface material 
underwent a permeability decrease of nearly three orders of magnitude 
before approaching a constant value under higher stresses. Sandy silt 
in the 8 to 10.5 m depth interval showed almost no structural influence, 
even though distinct reticulate features were visible in the frozen 
core. Permeability differences between samples in this unit could 
usually be attributed to textural differences. The stony clay in this 
profile gave permeability results which were highly variable. The 
apparent disturbance and erratic ice contents probably contributed sig- 
nificantly to this nonuniform permeability behaviour. Flattening of the 
k-o' relationship for this soil appeared to occur at a stress of 80 
kN/in? , slightly higher than the 50 hina value that was found to be 


typical for the other two sampling sites. 
Permeabilities in profile 


Figures 5.28 and 5.29 show permeability variations in profile for 
the Norman Wells and Noell Lake sites, respectively. These permeabilities 
have been interpolated from k-o' curves at the eppropriate calculated 
in situ overburden pressure. At Norman Wells, the decrease in permea- 
bility with depth is consistent with increasing plasticity and closure 


of the macrostructure in response to higher stresses. The regularity of 
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Ne 
this trend reflects the overall uniformity of sediments encountered at 
this site. The deviation indicated at the 7.5 m depth is due to several 
layers of peaty material which tended to increase soil permeabilities. 

Combined variations in soil texture and ground ice produced a much 
less regular relationship between permeability and depth at the Noel] 
Lake site, but a sensible relationship did emerge when the erratic 


Stratigraphy was taken into account. 


Summary of results 


In Figures 5.30 and 5.31, permeabilities are plotted as a function 
of void ratio for materials from the Fort Simpson site. The data plot 
as a Straight line on semi-logarithmic axes. Figure 5.30 shows that 
horizontal samples from Zone 2 displayed permeabilities that were slightly 
higher than those obtained from vertically oriented samples with similar 
void ratios. Reasons for this behaviour have been discussed above. 
Several data points lie below the line, and it seems quite probable that 
by correcting for the degree of saturation, a closer correspondence 
might be obtained. The average void ratio of soils containing strati- 
field structure apparently describes most of the fabric dependent pro- 
perties since a single e-log k relationship fits the observed behaviour 
reasonably well. 

Figure 5.3] shows. that this is not necessarily -true. for the retic- 
ulate structure sampled from Zones 3 and 4. Here, small voia ratio 
decreases produce large changes in permeability, and data from all of 


the tests converae on a single line for permeabilities of less than 10 
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cm/s. In this instance, void ratio cannot, by itself, account for 
effects related to the macrostructure's response to stress. Several 
different networks of discontinuities, each with different spacings and 
widths, could conceivably be described by the same average void ratio. 

Samples from the Norman Wells and Noell Lake sites both showed 
similar sorts of behaviour. High ice content samples often showed no 
definite structural influence, while those with a well-developed reticu- 
late structure displayed a rapid decrease in permeability with the smal} 
void ratio changes occurring during the early stages of loading. In 
many instances, samples with similar bulk densities exhibited markedly 
different e-log k relationships. 

The object of several tests performed was te assess the reproduc- 
ibility of data. Figure 5.32 shows consolidation and permeability test 
results for two apparently identical samples which had been trimmed from 
the same piece of core. For stresses exceeding 10 Nya, results obtained 
from the two different tests were essentially identical. In another 
case, a short specimen was tested in the permode and compared to a much 
larger specimen tested in a triaxial cell. Again, permeability coef- 


fictents were identical at the same stress level. 
5.8 COEFFICIENT OF CONSOLIDATION MEASUREMENTS 


The previous section has shown that large reductions in permea- 
bility are produced by increases in effective stress as consolidation 
proceeds. It remains to examine the effect which this has on the coef- 


ficient of consolidation (c\). Nixon (1973) obtained very little Cy 
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data for undisturbed permafrost but he has suggested that the determina- 


tion of correct in situ permeabilities is an essential prerequisite to 
the application of thaw consolidation theory to practical problems. 

A sketch of a typical but somewhat 'idealized' permafrost sample 
appears as an inset in Figure 5.33. A well-developed cryogenic structure 
is apparent and the sample contains no organic inclusions. Test results 
shown for this section of core are typical and demonstrate some impor- 
tant features. Although permeability decreases by approximately two 
orders of magnitude as the stress increases from 0 to 200 Ne Cy 
varies by no more than a factor of 5. It can be seen that at very iow 
stresses, reductions in permeability are not completely compensated by 
compressibility, so that the coefficient of consolidation actually 
decreases slightly. Once the fissures close, permeability changes occur 
more gradually. Since the thawed soil has been somewhat overconsolidated 
by the freezing process, compressibility continues to decrease with 
increasing stress. Interaction between these two properties causes the 
coefficient of consolidation to increase at aay or remain relatively 
constant throughout the stress interval. 

In Figure 5.34, Cx, data is given for Zone 2 material from the Fort 
Simpson site. There are very few indications of anisotropy; thus, it 
appears that the larger horizontal permeabilities have been compensated 
by the soil being more compressible in that direction. At stresses 
below 40 to 50 eine measured values of care relatively high for low 
to medium plastic silty clays and tend toward a constant value of 1 x 
ime getaa/s Cae The wide range in permeability indicated for this 


material in the 0 to 50 NAc stress range is almost certainly related 


‘ nla ahi. tow iteabi! Je ie - a aattibat Hl 
Sa PAN 9 igpepeigre: beta Lovet] Taye aii aught ween 
| a7 teret, got igahortant oe | 21 Ae 0 ie ening kibo signme ad 2 

HOH SHAS STE TLeneHEd bie és tage ane pyoR. 72 acini ae ay 
oud), (Taine nga ou earawrged (oP idpamag cet ch game 
ate Sail HOS, py 8 nian seein) peur ee sil ee, obud ingen see 
We, YY NG Land see a0 no 3d ah A | wrdieds T yi, pads enn Prins xg.eaiyey a“ i 
ye bormenegnea: x! bessiqene, a ena vii Tigpgeriag. mt endiiaubss.,29eRerge ic ; 
ss ci lsusge svt igo gags bined yon hah Paap: gy aD ae cei \6t gagnon 
Wacky ecules EU? de wttsg dino , rahe ays ok -ovi lel gpenenaab: 
‘etat] Logie Jatiomo: Sagp e6t, i pa: afd Sanie. Xt iguana tam 
| 3 (ar ewe 18h hs OM aD ve ih Gara renee 4232078) mash 3A 
hs Fey 2 ek) jogD HY. res Nas oa, HOt 98; wadeel Regis onl ARE 
it av) Le ied iret 7) ye cg DPS P62 * are ED” eRe, feist loenon:, Tor f aie a a 
+ te ypiot aaehee 907 suadguondly anacanps ; 
wet st eat ls inasan: 5. po at pes +B ah pre Oa ah ii a 
Si titi; 7 yee LioRie to. eqotserihni wat YAN. ays S19nT ne 4 
tae rages nigid VET 9h tema TptAbsy yee. swetel wi. 2003 28 
er Me cnn aaa ‘ 
wert 2S api: wlanti tet op ore a You ase Sapam yyw ot | nat 
% 1 7s, gue, Spaannn at bayod) marnaionte 
| ei nena: oid 


oe 


ee ASa,& 


230 


to structural differences between samples. Testing specimens of larger 
diameter might serve to reduce this scatter, but it seems probable that 
the geotechnical engineer would still be faced with difficulties when 


deciding on an appropriate relationship to represent in situ behaviour. 


Similar test results for the Norman Wells and Noell Lake sites are 
summarized in Figures 5.36 and 5.37, respectively. Comments concerning 
the permeability data from these sites can be applied equally well to 
the explanation of similar trends in consolidation behaviour. It 
should be noted that considerably lower Cy values have been measured for 
samples of the highly plastic clay found below the 10 m depth at Norman 
Wells, and for some of the stony clay on the Noell Lake site. With 
respect to pore pressure generation, it is geotechnically fortunate that 
large residual stresses were measured. Otherwise, concerns about the 
thaw-stability of these soils would have been wel|l-founded. 


Estimates of Cy at the in situ effective overburden pressure for 


these two sites have been piotted in profile in Figures 5.38 and 5.39. 
The upper 6 to 8 meters at the Norman Wells site appear to be free- 
draining with less desireable materials being encountered at depths 
below 10 meters. A trend showing the coefficient of consolidation de- 
creasing with depth reflects finer particle sizes and increasing plas- 
ticity. Figure 5.39 shows that although surficially reworked material 
and the sandy silt at the 8 to 10.5 meter depth have relatively high Cy 
values, the stony clay is not at all free-draining. The Noel] Lake 
profile suggests that if the upper clay unit were to impede drainage 
from the underlying and extremely wet sandy silt, the potential for 


instability is high, especially for conditions involving seismic loads. 
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Vorassess the effects chat testing in the permode configuration 
might have had on Cy measurements, results were compared with data 
obtained from the triaxial consolidation of samples with similar den- 
sities that had been taken from the same approximate depth or zone. The 
general agreement indicated in Figure 5.40 confirms an earlier suggestion 
that side friction in the permode was minimal. AI] of the specimens set 
upsin the triaxial cell were fitted with side drains to facilitate the 
dissipation of pore pressures during subsequent shear. Since the perme- 
abilities of these thawed soils were large at low stress levels, low 
efficiencies for the side drains would virtually eliminate the possibility 
for radial flow during consolidation in the triaxial cell (Bishop and 
Gibson, 1963). As Stresses were increased and soil permeabilities 
decreased, side drain effectiveness would tend to increase. By account- 
ing for this, a correction for the appropriate amount of radial drainage 
would place the C values well below those computed from triaxial consol- 
idation, if it were assumed that drainage occurred only from the sample 
ends. Since the values plotted for Cy (triaxial) were based upon the 
assumption that side drains were totally ineffective ines one- 
dimensional drainage in the triaxial cell), any tendency to the contrary 


would move the data points closer to the dashed line. 
5.9 THAW-CONSOLIDATION TESTS 
A limited number of thaw-consolidation tests were run on samples 


from the Fort Simpson and Norman Wells sites. Since residual stress and 


consolidation behaviour had been defined for these soils, it seemed 
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worthwhile to supplement the comparison between measured and predicted 
pore pressures for undisturbed permafrost. Base temperatures were 
controlled by circulating fluid from a refrigerated bath, while heated 
water imposed the step temperature required to initiate and sustain 
thaw. Pore pressure and settlement curves, and a tabluar summary of the 
data are given in Appendix C. 

Figure 5.41 demonstrates the good agreement obtained between measured 
pore pressures and estimated values based on nonlinear thaw-consol ida- 
tion theory (Nixon and Morgenstern, 1973a). Residual stresses used in 
the calculations were obtained from Figures 5.11 and 5.12. These were 
checked using the oe construction method discussed in Section 5.6 (see 
Figure 5.14), and were found to agree well with measured values for most 
of the samples tested. Pore pressure measurements defined the effective 
stress at the thaw front, so an appropriate consolidation coefficient 
could then be used in the calculations. If the applied loads produced 
effective stresses at the thaw front in excess of 50 eae Caos is 
post-thaw c's seemed to be adequate. Bars joining points in Figure 
5.41 indicate pore pressures calculated after assuming a reasonable 
range of Cy for cases where accurate values had not been determined. 

In certain instances, measured pore pressures were significantly 
less than those predicted from theory. It is probable that if unsatur- 
ated soils were encountered, measured pore pressure response would be 
some fraction of that anticipated for a fully saturated system. Using a 
correlation developed between the pore pressure coefficient B and the 
frozen bulk density, predicted pore pressures were adjusted accordingly 


with the equation that follows: 
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High frozen bulk densities for several samples tested necessitated cor- 


rections for reduced pore pressure response. Appropriate B values were 
used in Equation 5.12 to obtain revised values for predicted pore water 
pressures. By accounting for effects which desaturation had imposed 

upon response, Figure 5.41 indicates ‘that good agreement can still be 
obtained between theory and experiment. It should be noted that measured 
pore pressures did not exceed predicted values in any of the samples 
Lested. 

Thaw strains measured in the permode have been plotted as a func- 
tion of frozen bulk density in Figures 5.42 and 5.43. It can be seen 
that these data points fall reasonable close to the correlation given by 
Speer et al. (1973) and Watson et al. -(1973). In each case, outliers 
were samples with high organic content, having either been sampled from 


the active layer or the peaty zones encountered at depth. 
5.10 INTERPRETATION OF LABORATORY TEST RESULTS 


The laboratory tests desperate by Morgenstern and Smith (1973) and 
Nixon and Morgenstern (1973b, 1974) have revealed much about the funda- 
mental properties Sea erie permafrost soils during thaw- 
consolidation. High void ratio soils exhibit markedly nonlinear stress- 
strain behaviour since the soi] skeleton must expel large quantities of 
water to gain small increases in effective stress. The behaviour of 


these soils has been successfully described with a nonlinear thaw- 
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consolidation theory (Nixon and Morgenstern, 1973a). However, to accomp- 
lish this, an exact determination of the residual stress is necessary 
for estimating excess pore pressures at the thaw front. 

A study of natural soils from three different sites has shown that 
a correlation can be developed between void ratio and logo. for each 
soil type. For the purposes of design, a similar relationship could be 
established between residual stress and water content. Data suggest 
that for silty clays from the Mackenzie Valley, significant residual 


stresses can be anticipated wherever in situ water contents fall below 


approximately 35%. The permode was used to measure residua! stresses in 
this study jwut -Piguresr5a15, 85. 6 "and Seal? tndkcate ‘that elaborate 
equipment and procedures may not be necessary. Using the graphical 
construction technique described by Nixon and Morgenstern (1974), it 
appears that residual stress can be estimated with sufficient accuracy 
by extrapolating post-thaw consolidation data to the thawed, undrained 
void ratio. Its inherent versatility still makes the permode an attrac- 
tive apparatus for this sort of laboratory work. Testing to determine 


values for o — and Ce is currently within the capability of most well- 
fo) 


' relationship has 


equipped geotechnical laboratories. Once the e-tog oe 
been established for each characteristic soil type, the most important 
requirement becomes obtaining accurate stratigraphy, water contents, and 
inesheurdensitt tess This might best be accomplished by augmenting 
te operations with information from a selected group of downhole 
and surface geophysical tools. 


The consolidation efficiency of which the freezing process is 


capable has been demonstrated in Figure 5.19 where effective (or residual) 
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Stresses are associated with smaller liquidity indices than might be 
anticipated for a normally consolidated soil. Residual stresses are a 
response to swelling following thaw. Locally variable overconsolidation 
occurs during freezing as water is drawn out of the soii and into 
inclusions of segregated ice. Irreversible strains take place in the 
soil skeleton so that the same average void ratio before and after thaw 
is associated with quite different effective stresses. . The difference 
in slope between the compression and swelling curves accounts for the 
decrease in effective stress that occurs during an undrained freeze-thaw 
cycle under constant externa! stress. 


In situ, the occurrence of a residual stress reduces the magnitude 


of consolidation settlement and increases the soil's undrained shear 
strength. A decrease in the liquidity index or void ratio with depth 
should normally be indicative of increasing residual stresses in the 
thawed soil. Although the variability encountered with natural deposits 
causes some scatter, a trend for increasing residual stress with depth 
iS apparent from the data for both the Norman Wells and Noell Lake 
SLES. 

Some explanation of the sensitivity of permeabiiity to changes in 
effective stress has been given by the suggested model for closure of 
the cryogenic macrostructure. Increases in permeability related to 
structure indicate the importance of obtaining and testing samples which 


are representative of in situ conditions. Even though permeability 


decreases sharply by as much as two orders of magnitude in response to 
small increases in effective stress, the coefficient of consolidation is 


much less sensitive to these same changes. Permeability decreases are 
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apparently accompanied by similar reductions in compressibility, with 
Sane net effect being only small variations in Cc, over sensible ranges of 
stress. In soils containing reticulate ground ice structure, the 
coefficient of consolidation reaches a minimum value at a stress corre- 
sponding to closure of the structure, and remains essentially constant 
thereafter. The success obtained herein by using post-thaw Cy data for 
pore pressure predictions can be attributed to the fact that for stresses 
above 30 to 50 NV changes in the coefficient of consclidation are 
small. 

The possibility exists that by using the lower c values obtained 
at higher effective stress levels, pore pressure predictions for thaw- 
consolidation at lower stresses would exceed actual values. This is a 
conservative error. The permeability of thawing soils is nonlinear, so 
that under certain conditions, impeded drainage could contribute to 
increasing the pore water pressures in the vicinity of the thaw front. 

A moderate surface load such as a gravel pad could produce effective 
stress increases in the underlying soils that would, in turn, diminish 
permeabilities and hinder drainage from the thawing soils at depth. 

Thaw consolidation tests on undisturbed permafirost soils have 
demonstrated good agreement between measured and predicted pore water 
pressures when the appropriate oo” and c, were used in the nonlinear 
theory. The complex consolidation behaviour observed for cryogenically- 
structured soils presents considerable problems to the engineer faced 
with the task of choosing parameters for use in design. Furthermore, 
many soils are not fully saturated and exhibit a diminished pore pressure 


response to the application of changes in stress. Empirical correlations 
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developed between B and frozen bulk density, as described in Section 
6.2, can be used to correct pore pressure predictions made on the basis 
of assumed full saturation. A vast majority of the undisturbed soils 
tested in this study exhibited a linear e-log o' consolidation curve 
which suggests that the nonlinear thaw-consolidation theory should be 
adopted as a matter of course when dealing with natural soils. 
Difficulties encountered with establishing specific gravities and 
hence, void ratios and degrees of Brain pout be avoided if igni- 
tion losses were determined for selected samples. The peat and other 
organic material present in the Norman Wells soils complicated interpre- 
tation of some of the data. Gases produced by decomposition processes 
have probably been another factor diminishing the pore pressure response 


characteristics of these materials. 
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RELATIVE SETTLEMENT 


ae 
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A = THAW STRAIN 


o EFFECTIVE STRESS 


Fraure a4| Generalized thaw settlement curve 


Prgure 5.2 Model to investigate the effect of fissuring on 
permeability 
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Figure 5.11 Summary of residual stress tests, Fort Simpson landslide 
headscarp site 
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CHAPTER Vi 
LABORATORY STUDIES OF SHEAR STRENGTH 


IN THAWING SOILS 


6.1 INTRODUCTION 


Research pertaining to the geotechnical properties of undisturbed 
permafrost upon thaw has primarily concerned itself with the determina- 
tion of index properties, thaw strain behaviour, and undrained eopeae the. 
The few tests conducted to obtain strength data in terms of effective 
stress have not been reported in sufficient detail to be of fundamental 
value (Watson eteailss Lo/s ee since theystebi lityeor thawing soils is a 
current concern, gaining a clearer understanding of their shear strength 
behaviour would certainly be an asset. Undisturbed frozen core obtained 
in connection with the laboratory studies described in Chapter V pro- 
vided an opportunity to investigate selected aspects of the strength- 
effective stress relationships for thawed permafrost soils. 

Properties such as shear strength, compressibility, permeability, 
and the coefficient of earth pressure at rest are likely to be modified 
by soil freezing and thawing. The magnitude of these modifications wil] 
depend to a great extent upon the changes in soil structure effected by 
freeze-thaw cycling. The objectives of the study described in this 
chapter were: 


Most of these data consist of one-time proprietary reports compiled 
in the course of of] and gas pipeline feasibility studies carried out 


in both Canada and Alaska. 
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1) To examine the effect of macrostructural cryogenic features on 
Strength in terms of effective stress in thawed, undisturbed 
fine-grained permafrost soils; and, 
2) To evaluate the pore pressure parameters required to 
describe the behaviour of these same soils in undrained shear. 
The principle of effective stress is fundamental to all discussions 
of shearing resistance in soils. The preceding chapters have referred 
to analyses developed for the estimation of pore pressures generated 
during consolidation in thawing soils. Use of the appropriate con- 


solidation parameters permits evaluation of in situ effective stresses 


and hence, the maximum shearing resistance. To supplement laboratcry 
studies of consolidation properties, isotropically consolidated un- 
drained triaxial compression tests were carried out on numerous 10 cm (4 
in) diameter specimens obtained from the Fort Simpson and Norman Wells 
sampling sites. Extreme textural variability encountered in the soil 
profile at the Noell Lake site made it apparent that analyzing shear 
test results from these samples might prove difficult. Since strength 
data specific to a particular site would contribute little or nothing to 
a fundamental study, detailed testing was restricted to samples from the 
two other sites where meaningful comparisons could be made between 
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6.2 DESCRIPTION OF SOILS TESTED 
Soitechatracteris tres 


It was necessary that frozen samples 22 to 24 cm (9 to 9.5 in) long 
be used to ensure a length to diameter ratio of two after thaw (and 
possible consolidation). Drilling in ice-rich soils invariably results 
in core breakage along thicker ice veins, so obtaining completely intact 
sections long enough for triaxial testing limited the number of suitable 
samples available. A hand-held motorized auger was used to drill core 
at the Fort Simpson site. A large quantity of core was obtained and the 
mechanical breakage caused by the core barrel was kept to a minimum. 

The headscarp was divided into four zones, largely on the basis of 

ground ice structure. These have been described in Section 5.5 anda 

more detailed account of the stratigraphy is given in Appendix A. The 
material from Zone 2 typically exhibited large thaw strains, so to keep 
testing procedure simple, shear strength studies were restricted to core 
from Zones 3 and 4. The drilling equipment used at the Norman Wells 

site caused considerably more sample breakage, but enough intact core 

was obtained to permit an adequate shear testing program for each of the 
different soil types identified. A more detailed description of sampling 
equipment and sebe cutee employed is given in Appendix A. 

Core taken from Zones 3 and 4 at the Fort Simpson site consisted of 
an essentially homogeneous dark grey silty clay that contained a 
regular, reticulate ice structure. The soils at the Norman Wells site 


were similar but more variable. The profile was made up of thickly 
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bedded silt and clay which typically contained organic specks and peaty 
layers. The sediments at both sites had been deposited in glacial lakes 
impounded along the Mackenzie River Valley during the retreat of the last 
Wisconsin ice sheet. Clay contents of 40 to 70% were found with illite 
and kaolinite being identified as the major clay mineral species present. 
These soils were all classified as inactive (Skempton, 1953). A scanning 
electron microscope examination of microfabric revealed a closely packed 
turbostratic structure (Collins and McGown, 1974) with predominantly 
horizontal orientation of the clay between larger, silt-sized particles. 
The clay particles also occur as aggregates of various types, and very 

few discrete silt grains were observed. Most of the silt-sized particles 
examined actually consisted of aggregates of clay minerals. Borehole logs 
and a complete summary of index and classification testing data for these soi] 


appear in Appendix A. 


Representative sampling 


The influence which macrostructure exerts on both the field and 
laboratory shear strength of fissured clays has been the subject of a 
considerable volume of literature (see for example: Marsland, 1972; 
Bishop etme ler 1965). When a frozen soil containing reticulate ice 
lenses thaws, the erruceucat discontinuities remaining are not unlike a 
system of fissures.. Thawing and fissured soils possess similar secon- 
dary structures and might therefore be expected to behave in a like 
manner during shear. Data given in Chapter V have confirmed this 
hypothesis of similitude for consolidation behaviour, but the complex 


nature and variability of undisturbed soils make these generalizations 


difficult to substantiate under many circumstances. 
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It is difficult to obtain consistently representative samples of 
fissured clays, and coring ice-rich fine-grained soils is subject to the 
same uncertainties. A bias toward lower moisture contents and higher 
densities for intact core is inherent since icier sections are more sus- 
ceptible to mechanical disturbance during drilling. Core segments used 
in the triaxial testing program had frozen bulk densities ranging from 
[285 t0 2.0 oma with corresponding water contents of 30 to 40%. Peaty 
inclusions in the Norman Wells samples introduced additional variability, 
making density data from that site more difficult to correlate with 
other properties. Visible organic material was totally absent in core 
obtained from Zones 3 and 4 at the Fort Simpson site. 

Both the soil and ground ice structure for each of the Zones in the 
Fort Simpson landslide headscarp appeared to be quite uniform. This 
exposed section afforded an opportunity to assess the intrinsic hetero- 
geneity of typical permafrost soils by performing frequency analyses of 


measured frozen bulk densities (y¢) and water contents (w). In natural 


soils like these, density and water content in situ should have been 
controlled by essentially random processes. Variability may be large or 
small depending upon the relative influences of steady and transient 
effects during sediment deposition and subsequent permafrost aggrada- 
tion. Even so, it can be reasonably supposed that the core sampled 
randomly from the headscarp constitutes a normal population. The basis 
for dividing the headscarp into four zones was described in Section 5.5. 
It has also been assumed that samples taken from each of the zones can 
be treated as independent populations. Although the zonation boundaries 
were transitional rather than being sharp contacts, both w and lie 

should still be expected to exhibit normal distributions about their 


means within each Zone. 
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For the purposes of statistical analysis, data for samples from 
Zones 3 and 4 were grouped together since the cores could not be dis- 
tinguished from each other once the thick, icy layers had been removed 
from the latter. Figure 6.1 shows the frequency distributions of Y¢ 
and w and the results of the analyses are summarized in Table 6.!. The 
72 pieces of core included in this study had volumes of 300 to 2300 Sak 
and masses which ranged from 500 to 3700 gm. The distributions are 
Gaussian, and it is apparent that both the density and water content 
relationships are skewed-normal. This asymmetry reflects sampling bias 
associated with firstly, ice exclusion by mechanical damage to thick 
lenses and icy sections during drilling; and secondly, the removal of 
larger ice bodies Seatac: being prepared for testing. This prac- 
tice has little or no bearing on the shear strenath test results, but it 


does tend to indicate higher densities and lower water contents than are 


probably representative of in situ conditions. Thicker ice lenses were 


usually trimmed out prior to shear or consolidation testing, since their 
presence during thaw would only make the tests more difficult to per- 
form. Ice lenses were spaced more closely in the stratified structure 
typically found in Zone 2, but a frequency analysis of data from those 
samples yielded similarly skewed distributions. It would seem that 
without exercising a great deal of care, conventional sampling tech- 
niques are probably seldom capable of obtaining continuous and accurate 


profiles of Y¢ and w in situ. A detailed description of the potential 


use of specialized downhole logging tools to obtain continuous profiles 


and assist in overcoming this difficulty appears in Appendix A. 
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Macrofabric 


It is unlikely that the clays at either sampling site had been 
previously subjected to an overburden pressure much greater than that 
existing at the time of sampling. However, effective stress changes 
occurring during freezing are known to produce behaviour similar to that 
which is considered characteristic for overconsolidated soils. A 
detailed discussion of the stress path followed by a soil during a 
freeze-thaw cycle has been given in Section 4.3. It was shown that 
primary soil fabric can be mechanically disturbed by the formation of 
fissures associated with ice lenses and the subsequent remoulding of 
adjacent soil as excess water becomes available from the melting of 
nearvy segregated ice. When fine-grained soils with reticulate ice 
veins thaw, the clav blocks usually remain intact. If sufficient 
quantities of water are present as discrete ice lenses, thaw produces a 
fabricaconsisting pf stiff lumps in a matrix of softer clay. The 
remoulded appearance of the soil adjacent to secondary structural 
features is similar to the weathering produced by seasonal water content 
changes in fissured clays described by Brewer (1964). Chandler (1972) 
has described a similar macrostructure in the Lias clay consisting of 
small 'stratified' lumps or lithorelicts which have been rotated so that 
intact bedding features contained therein assume various attitudes in a 
softer matrix. He suggests that since this disturbance extends to 
considerable depths, the formation and melting of ground ice lenses may 
have produced this fabric at the time that permafrost conditions prevailed 
during the Pleistocene. Moisture content differences of as much as 10 
percent were observed between the matrix and blocks of soil from Zone 3 


specimens thawed undrained under low stresses. 
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Density - water content relationships 


If it can be assumed that all of the water present in a frozen soil 
is in the form of ice, the relationship between bulk density (Y¢) and 


water content (w) in a saturated soil is given by: 


oes (1 + 1.09w) 


5 oe 
(1 + 1,09G_w) 


Similarly, if the soil is unsaturated: 


Carel: sen fe 
f Wee) 
Le 09G 
OS ars ) 
where S denotes the degree of saturation. 


Equations 6.1 and 6.2 ignore the fact that some water commonly exists in 
the liquid phase in the fine-grained soils at temperatures as cold as 
several degrees below 0°C (Anderson and Tice, 1972). Furthermore, these 
equations assume that freezing or thawing is accompanied by an increase 
or decrease in overall volume which corresponds to that produced by 
the phase change of water in the soil. If the pores remain filled with 
either ice or water in the saturated case, the presence of unfrozen 
water instead of ice will have the effect of increasing the bulk 
density measured for the frozen soil. 

lf the soil skeleton is sufficiently rigid, water movement 
toward discrete ice lenses may not be fully accommodated by volumetric 
strain. This Iccal moisture depletion is not necessarily accompanied 


by an equal pore volume decrease, so that the net result can be 
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CORRIGENDUM 


On Page 272, Equation 6.1 should read 


Ge (1 + w) 


Ver a eRe oes (6.1) 
(1 + 1.09 G_w) 


and Equation 6.2 should read 


GY (1 + w) 

Cpe a ieosice Ee 
Ves 
( sata 


Equations 6.1 and 6.2 ignore the fact that some water commonly exists in 
the liquid phase in the fine-grained soils at temperatures as cold as 
several degrees below 0°C (Anderson and Tice, 1972). Furthermore, these 
equations assume that freezing or thawing is accompanied by an increase 
or decrease in overall volume which corresponds to that produced by 
the phase change of water in the soil. If the pores remain filled with 
either ice or water in the saturated case, the presence of unfrozen 
water instead of ice will have the effect of increasing the bulk 
density measured for the frozen soil. 

lf the soil skeleton is sufficiently rigid, water movement 
toward discrete ice lenses may not be fully accommodated by volumetric 
strain. This local moisture depletion is not necessarily accompanied 


by an equal pore volume decrease, so that the net result can be 
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desaturation. {ce formation drives air out of solution, and in addition 
to gases Sehte aces the tn situ decomposition of organic material, this 
causes the gas bubbles which are often observed in ice lenses. The 
rotation and vibration of core barrels during sampling can initiate 
cracking or bulking within the lenses, effectively reducing the unit 
weight of the ice. Even on carefully machined cores, volumetric de- 
termination from the measurement of external dimensions can lead to 
errors which usually result in calculated densities which are slightly 
less than actual values. Total immersion or fluid displacement techniques 
would have been preferred for volumetric measurements, but were purpose- 
ly not adopted in this study so that sample contamination could be 
avoided. The possibility of small dimensioning errors was also recognized, 
but no attempt was made to apply corrections to the measured densities. 
The factors indicated above all tend to artificially diminish the 
frozen bulk density that would be observed for a given soil water content. 
In Figure 6.2, densities and water contents are plotted for 72 samples 
from Zones 3 and 4 at the Fort Simpson site. Lines based on equations 
6.1 and 6.2 have been superimposed to show the effects which variations 
in the degree of saturation and G_ have on computed densities. Most of 
the data points fall within a saturation limit of 90 to 1004 and speciric 
gravities of 2.72 +0.02. These curves suggest that many of the samples 
tested were unsaturated in the frozen state. Moisture-density data for 


soils from all the sampling sites have been presented in a similar 


manner in Appendix A. 
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6.3 TESTING EQUIPMENT AND PROCEDURE 


Description of the apparatus 


The four standard triaxial cells used in this study were capable of 
accommodating 10 cm (4 in) diameter samples (see Bishop and Henkel, 

1962, for mechanical details of cell construction). Several modifications 
were required to render the cells suitable for use in the sub-freezing 
environment that was required for test setup. For example, the cold can 
cause the brass bushings to shrink tightly onto the load ram. This 
immobility would then result in considerable difficulty in the setup 
procedure. To remedy this specific problem, the honed brass bushings 
were replaced with Thomson linear ball-bushings and an oil seal. It was 
then necessary to replace the standard ram with case-hardened steel to 
prevent scoring which would have otherwise been. caused by the balls in 
the Thomson bushing. Valves and connections were converted to 0.3 cm 
(1/8 in.) Whitey zero volume change ball-valves (Teflon seats) with 
Swagelok fittings. The pore water oressure transducer block used was 
similar to the one shown on the permode base in Figure 5.5. An auxiliary 
drainage line was added so that the porous stone beneath the load cap 
could be flushed. 

The layout of a typical triaxial cell and associated equipment used 
in the strength tests is shown in Figure 6.3. Constant cell pressures 
and backpressures were maintained by regulating air pressure over water 
in reservoirs. These pressures were monitored and coarsely adjusted by 
observing the Bourdon gauge; a pressure transducer was used to make more 
accurate measurements. Water expelled during consolidation was measured 


with a 100 one volume change indicator. Plumbing was designed to permit 
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a flow reversal so that volume changes exceeding the basic burette 
capacity could stili be monitored. Occasionally, extremely large volume 
changes occurred during initial consolidation stages, and these were 
measured by simply directing the draining fluid into a graduated 
cylinder. Whitey ball-valves and Swagelok fittings were used exclus- 
ively throughout the plumbing system. Compressive loads were applied to 
the sample with a 100 kN (10 T) capacity, constant displacement rate, 
gear-driven Wykeham~Farrance press. 

A linearly variable displacement transducer (LVDT) was clamped to 
the load ram to measure axial deformations. These displacement measure- 
ments were accurate to better than 0.001 cm (0.0005 in). A 10 kN 
(2000 Ibf) capacity shear web load cell (resistance strain gauged) with 
a resolution of approximately 5N (1 Ibf) was used to measure axial 
compressive loads. The load cell was attached directiy to the reaction 
frame, although placement within the triaxial cel! would have been 
preferred. Electrical strain-gauged diaphragm pressure transducers were 
used to measure cell pressures, backpressures, and soi] pore water 
pressures. Ranges of 0 to 700 ine (0-100 ps1) and 0 to 200 Ve 
(0-30 psi) were used with resolutions of 0.25 yy ae (O204%5s7 )) and) 0.15 
WAV ae (0.02 psi) respectively. LVDT, load cell, and pressure transducer 
signals were conveyed to a data acquisition system where displacements, 


loads and pore pressures were recorded at predetermined time intervals. 
Sample preparation and setup 


All of the tests described were conducted on undisturbed samples 


which had been obtained with a CRREL-type auger core barrel. Either a 
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circular-bladed rock saw or a power band saw were used to cut the intact 
core into appropriate lengths. Sample diameters were turned to 10 cm 
(4 in.) om a small soil lathe. While the sample was still held in the 
lathe, a slotted filter drain (Watman 54 paper) was attached by applying 
water to the outside of the core with an atomizer. Cold ambient air 
temperatures froze the fine spray immediately and ice held the side 
drain in place. The external dimensions and mass of the specimen were 
measured and recorded prior to commencing the test setup. 

The triaxial cell and saturated porous stones were allowed to coo} 
in the sample preparation room for one to two hours. The setup pro- 
cedure was begun by forcing fluid (ethylene glyco] 20% aqueous solution) 
through the various cell base valves to deair the drainage and pore 
pressure measurement systems. With a porous stone in place on the 
pedestal, more fluid was permitted to flow in and form a meniscus. A 
Saturated filter paper was then laid on the stone, and after excess 
fluid had been wiped away, the soil sample was set in place. This 
procedure was duplicated during placement of the load cap, upper porous 
stone, and filter paper. Care was taken to ensure that the ends of the 
side drains contacted both porous stones. A special stretching cylinder 
was used to place a latex rubber membrane (0.03 cm thick) around the 
sample. If a lengthy test duration or several consolidation stages were 
anticipated, a second membrane was added as a precautionary measure. 

The membrane was stroked against the core in an upward direction to 
remove any air that had been trapped. Neoprene 'o' rings were then 
rolled off of the membrane stretcher, first onto the pedestal and then 
onto the load cap. Two rings were used at each end to ensure a water- 


tight seal. The top drainage lines were flushed to deair them before 


final connections were made to the load cap. 
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Once the necessary internal connections were completed, the upper 
cell section was lowered into position and clamped down with tie bolts. 
A nominal air pressure of approximately 100 a (15 psi) was applied 
inside the cell so that fluid could be circulated through the porous 
stones and drainage lines. This completely deaired the assembled test 
and also provided an opportunity to detect leaks while corrective 
measures were still possible. Excess fluid was drained away before 
closing the valves and venting off the cell air pressure. The load ram 
was then lowered into contact with the load cap so its protruding height 
could be measured and recorded. This would later enable evaluation of 
sample length changes occurring during thaw and subsequent consolidation 
stages. With setup complete, the sample and triaxial cell were ready to 
be moved into a warmer room for thaw, consolidation, and compression. 
For reasons explained in Section 5.4, a plug was used in lieu of the 


pressure transducer while the cell was in the cold room. 


Testing procedure 


Triaxial specimens were thawed under an all-around pressure by 
filling the cell with water. The apparatus was usually left until the 
following day to ensure that equilibrium conditions had been obtained. 
By applying the cell pressure through a burette, it was possible to 
measure undrained volume changes during thaw. At this point in the 
test, the pore pressure transducer was installed in the cell base and 
deaired by flushing water through the cavity. A pore pressure reaction 
test was then performed by measuring response to the application of 


increments of cell pressure. This permitted simultaneous determination 
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of the residual stress and the pore pressure parameter B (Skempton, 1954). 
The same method was employed for residual stress tests on short samples 

as a triaxial alternate to the Selenite normally employed with the 
permode. Residual stress was defined in this test by extrapolating the 
pore pressure response curve to a cell pressure corresponding to zero 

pore pressure. Prior to commencing either unconsolidated undrained (UU) 
shear or isotropic consolidation, the confining stress was set at 

some value exceeding the measured residual stress. 

Drainage was not permitted during the UU-test so axial compression 
determined the undrained shear strength. Ce!l pressures exceeding o5 
were applied to induce positive pore pressures prior to commencing 
shear. This resulted in a stress axis translation so that reductions in 
pore pressure occurring during shear could be measured without having to 
determine negative values. Pore pressures were monitored for some time 
prior to shear to be sure that equilibrium conditions had been established. 

The load cell output was initialized for zero deviatoric stress 
with the cell pressure holding the load ram up against it. Contact with 
the sample was made by turning the load platen up by hand. Initial 
LVDT readings were taken before engaging the gear drive, then axial 
compression was commenced at a predetermined displacement rate. At set 
time intervals throughout the test, simultaneous measurements of axial 
strain, Deen load and pore pressure were recorded by a Hewlett- 
Packard data acquisition system. 

To obtain shear strengths at effective stresses exceeding the 
residual stress, samples were stage-consolidated isotropically. Quan- 
tities of water expelled during thaw were measured in a graduated 


cylinder. For subsequent consolidation stages with smaller volume 
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changes, a more precise burette indicator was used. Once the desired 
effective stress had been obtained, any air bubbles which had become 
entrapped were eliminated by flushing water through the drainage and 
pore pressure measurement systems. The transducer was zeroed to atmo- 
spheric pressure, then residual pore water pressures remaining after 
consolidation were determined. A confining pressure increment was 
applied to check the value of the B parameter prior to shear and to 
induce positive pore pressures in the sample for reasons which were 
explained previously. This increase in pore pressure also served to 
dissolve some of the gas remaining in the sample while approximating 
conditions of stress increase that might be encountered under field 
loading conditions. From this point onward, the procedure adopted 
for conducting an fsotropically consolidated undrained shear test was 
ideneleal Loythatudesceibed tor the U-test: 

Strain rates used in each test were determined from the consolida- 
tion properties of the particular soil being tested. Interpretation of 
consolidation data from tests employing side drains requires special 
consideration of the relative permeabilities of the drains and soi] 
(Bishop and Gibson, 1963). Head losses in the filter strips can cause 
errors which will be negligible only for clays with very low perme- 
abilities. Further complications are related to the lack of continuity 
of slotted side drains, but in any case, their presence certainly 
accelerates the equalization of excess pore pressures during undrained 
shear. In Section 5.7, it was shown that the Fort Simpson and Norman 
Wells soils exhibited large permeabilities at stresses less than about 


50 kN/m” (7 psi). Even after the effective stress had been increased, 
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values of less than lon ene were seldom encountered. Many soil 
permeabilities were as high as values published for the filter strips 
used as side drains (Bishop and Gibson, 1963), so it was apparent that 
in these cases, the drains would be completely ineffective. Consolida- 
tion coefficients were computed by assuming that drainage occurred 

only toward the ends of the sample. Figure 5.40 indicates that c's 
determined in this manner were in general agreement with those obtained 
from consolidation tests conducted in the permode. Decreases in soil 
permeability produce an increase in the effectiveness of the side 
drains. If it were possible to include a correction for the effect of 
side drains, computed Ce values would tend to be lower than those 

which were computed assuming no radial drainage. The general agreement 
between consolidation coefficients obtained in the permode and the 
triaxial cell indicates that in triaxial consolidation with side drains, 
soil permeability was sufficiently high that almost all of the sample 
drainage occurred one-dimensionally toward the ends. 

To avoid potential ambiguity in determining appropriate times to 
failure (Bishop and Henkel, 1962), c's used in the calculations were 
obtained from permode tests on similar material at the appropriate 
effective stress level. Axial deformation rates of 8 x 10 | cm/min 
(3 x 104 in./min) were adopted to shear all of the Fort Simpson 
samples and the jane plastic soils from the Norman Wellis-site.. -Faster 
rates were used to-test the siltier, near-surface soils from the latter 
site. These strain rates were sufficiently slow to ensure that at 
least 95% equalization of the pore pressures or suctions developed 


during shear had been obtained. Requirements for fully drained testing 
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were satisfied so that, even if assumed Cy values were in error, it 
highly probable that pore pressures measured in the undrained tests were 
CO GGG. 

Several tests performed at low confining pressures were stopped at 
an axial strain of approximately 10%. The sample was then consolidated 
to a higher effective stress prior to resuming shear. This technique 
was adopted to increase the amount of strength data obtained for the 
Norman Wells site since there was a limited number of useable samples. 

At the completion of shearing, all valves were closed before 
reducing the confining pressure and draining the cell. The apparatus 
was dismantled and a bulk moisture content obtained by removing a full 
length slice, 2 to’ 3 em (l* in.) thiek, from the centervof the sample. 
Wherever possible, a moisture content was also determined for material 
trimmed from the shear plane. 

Test results were tabulated and reduced with a simple Fortran 
program that was also capable of producing graphical presentations of 
the test data on a computer-controlled Calcomp bed plotter. Calculated 
deviatoric stresses were based on the average cross-sectional area 
obtained from measurements of axial strain and sample volume changes 
prior to shear. In some instances, failure involved the relative 
displacement of several separate lumps, resulting in an irregular cross- 
section. No suitable means was found to evaluate deviatoric stress in 
these cases, so the usual method of area correction was retained. 
Failure criteria based on both the maximum deviatoric stress and the 


maximum principal effective stress ratio were considered. 
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6.4 ROLE OF PORE WATER PRESSURES 
Pore pressure response 


In¢describing the role of the principle of effective stress in sail 
mechanics, Terzaghi (1936) stated that: 

"all the measureable effects of a change in stress such as 

compression, distortion and a change of shearing resistance 

are exchusively due tosehangesyim the effective stresses". 
Pore water pressures must be known to define effective stresses ac- 
curately, and hence, soil behaviour in general. Skempton (1954) has 
described the undrained pore pressure change (Au) occurring due to 
changes in the principal stresses Ao, and Ao,, with the equation: 


| oh 


Aul =) Bi Agee A (Ao, - Ao.) ] (6.3) 


3 3 


where A and B are pore pressure coefficients. 
B defines the ratio of pore pressure changes in response to an increment 
in the all-around stress, A5.. The changes in pore pressure resulting from 


application of deviator stress are similarly given by the parameter A. 
It has been suggested (Skempton, 1954) that the pore pressure ratio B 
can be used to estimate pore pressure changes generated by an increase 
in the major eae stress, especially where this stress can be 
approximated by the overburden pressure. Equation 6.3 is rearranged to 


give: 


B= 5-6 [1 - (1-a) (1 - -)] (6.4) 


Bishop (1954) has rewritten Equation 6.4 as: 
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where K is the ratio of principal effective stresses AG; /4o, 3s Uns 
indicates that B will be a function of the principal effective stress 


ratio and additional complexity is introduced by the dependence of the 


A parameter on the same ratio. 


Under normal conditions, B will equal one if the soil is fully 
Saturated. In this case, Equation 6.5 indicates that B and B should be 
equal, regardless of values for A or K. Theoretical and experimental 


studies (Lee et ale, 1969; Wissa, 1969) have shown that B values of less 
than one can be obtained under certain circumstances, even though the 
soil is fully saturated. It is improbable that the stiff structure 
necessary for this sort of response might be encountered in thawiniq 
permafrost soils. Differences would normally be anticipated between B 
values measured in a triaxial cell and B values measured ina permode if 


the soil were not fully saturated. 


B and B parameters 


In Figures 6.4 and 6.5, values for B and B are plotted aginst 
frozen bulk density for samples from the Norman Wells and Noell Lake 
sites. These pore pressure reaction tests were performed on thawed 
samples either during the evaluation of residual stress, or prior to 
triaxial testing. Aside from a few samples containing large amounts 
of organic material, the rest follow a clear trend. For the Norman 


Wells site (Figure 6.4), samples with frozen bulk densities of less than 


lek Haynie consistently exhibit responses in the range of 0.9 to 1.0, 
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indicating nearly full saturation. As densities increase, however, a 
great deal of scatter develops with responses on some samples dropping 
as low as 0.4. A similar relationship is illustrated in Figure 6.5 for 
the Noell Lake samples, although the behavioural transition occurs at a 
slightly lower density. 

Specific measured values in each case are of less interest than the 
trends. (iin FigurecG. 4 several “B values (trrextal) ‘fall as Tow as 0.5 
so it would seem that the lower B values (permode) cannot be entirely 
attributed to pore pressure response being diminished by side friction. 
The wide scatter in the data is probably related to structural differences 
between samples which have similar densities. Even though their average 
degree of saturation may be less than one, samples with thicker ice 
lenses will often have higher values of B and B, since pore pressure 
response will be dominated by softened soil in the cryogenic structure. 
In more massive samples, measured response will reflect the lower 
average degrees of saturation which apparently accompany higher densities. 

Figure 6.6 shows the results of pore pressure reaction tests in 
profile for the Norman Wells site. There is not much scatter at depths 
of less than 5 m, but as peaty layers become more numerous in the 5 to 
8 m interval, large variations in the measured values of B and B are 
observed. Below the 8 m depth, there are apparently no organic inclusions 
and high densities are typical. Reticulate structure in these dense 
soils is responsible for the variability indicated in pore pressure 
response characteristics. Under these circumstances, it is difficult to 
anticipate in situ response from the extrapolation of laboratory results 
to field scale. The importance of recognizing these limitations in 


1 4 
practice can only be assessed by observing pore pressures under controlled 


circumstances in the field. 
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The considerable influence which cryogenic structure has on pore 

pressure response during thaw is illustrated in Figure 6.7. The B 
parameter was determined for each of these samples immediately following 
undrained thaw. Each was then allowed to drain and consolidate by 
increments to successively higher effective stresses. A pore pressure 
reaction test was performed at the end of each consolidation stage and 
the results obtained confirm the behaviour anticipated for thawed soils 
possessing a distinct cryogenic macrostructure. At low effective stresses, 
the high pore pressure response measured is due to the presence of soft, 
saturated soil along the ice-lens fissures. As effective stresses are 
increased, this softened soil consolidates and measured pore pressure 
response decreases to approach that of the overconsolidated and usually 
desaturated lumps which the fissures surround. The two samples tested 
in this case had similar frozen bulk densities and displayed B values 
which diminished from greater than 0.9 to less than 0.7 as the con- 
solidation stresses were increased to 250 eh fimo (35apsijte These results 
confirm the suggestion that some of the data scatter which is apparent 
in the three previous figures can be attributed to inherent differences 
in structure existing between particular samples. Obvious difficulties 
remain in selecting representative samples for testing when the results 


will be used to predict in situ behaviour. 
A parameter 
Consolidation and swelling occur simultaneously in soil samples 


during undrained thaw. Specimens thawed in a triaxial cell under an 


equal all-round pressure will follow a different stress path than 
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those thawed in a permode under conditions of zero lateral yield, even 
though no drainage is permitted in either case. Departures in the pore 
pressure response characteristics of otherwise similar samples are a 
consequence of the different stress paths followed during thaw. The 
applied stress ratio (K) is different in each case and aside from its 
direct effect on B, the A parameter will also reflect differences in 
consolidation stress conditions (Simons, 1960; Henkel and Sowa, 1963). 

In Figures 6.8 and 6.9, the pore pressure parameter A shows a 
dependence upon effective stress, and hence, upon the response of the 
secondary structure to the application of deviatoric stress. Under 
small stresses, shear results in a strong tendency for dilatancy as 
sliding along the boundaries of intact lumps of soil leads to failure 
along pre-existing discontinuities. Dilation occurring in an undrained 
test generates a reduction in pore water pressure. These suctions are 
reflected in the low or negative values found for A at effective con- 
fining pressures of 50 eNyane (7 pst) or Wess..° Permeability data 
discussed in Section 5.7 suggest that this corresponds approximately to 
the stress required to produce closure of the secondary structure. By 
increasing average effective stresses, the lumps become more tightly 
interlocked and resist any tendency to dilate during shear. At 
elevated stresses, failure planes develop primarily through intact soil. 
As effective stresses are increased, the A parameter falls between 0.2 
to 0.4 and is in good agreement with typical magnitudes reported for 
lightly overconsolidated clays (Skempton and Bjerrum, 1957). 

The values given for the A parameter in Figures 6.8 and 6.9 should 
not be: construed ‘as’ an accurate representation of pore pressure 


response to the application of shearing stresses in situ. These data 
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are subject to the same criticisms that have been directed toward the 
application in practice of A values obtained from conventional (04 = 
constant) displacement-controlled triaxial shear tests on isotropically 
consolidated samples. However, the variation in A indicated in these 


tests does serve to demonstrate the role played by cryogenic structure 


in pore pressure response to shear for thawing soils. 


6.5 TRIAXIAL SHEAR STRENGTH TESTS ON UNDISTURBED PERMAFROST 


hyplcat test results, 


Undrainec tests with measurements of pore pressure have been 
carried out on thawed, isotropically consolidated samples of undisturbed 
fine-grained permafrost soils. To minimize ambiguity in interpreting the 
results, only samples with B values exceeding 0.95 were deemed accept- 
able for interpreting effective shear strength parameters. Appendix C 
contains a complete summary of the results obtained with tests on soils 
from the Fort Simpson, Norman Wells, and Noell Lake sites. These 
strengths have been determined on the basis of both the maximum deviatoric 
stress and maximum principal effective stress ratio failure criteria. 

Typical relationships between deviatoric stress, obliquity, pore 
water pressure (as inferred by the A parameter), and strain, are illus- 
trated in Figure 6.10. These particular results were obtained from 
consolidated undrained tests performed on samples taken from Zones 3 and 
4 at the Fort Simpson landslide headscarp. At low effective stresses, 
it can be seen that the deviatoric stress climbed slowly to a value that 


remained nearly constant, even after peak strength had been reached. 
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Obliquity is seen to peak early in each test, but larger strains are 
apparently required to mobilize maximum deviatoric stresses. This 
stress-strain behaviour is typical of shear through the soft matrix 
which surrounds the harder, intact lumps of clay. 

At medium and high stress levels, the lumps tend to become more 
tightly interlocked and the deviatoric stress peaks at a much lower 
Strains, A distinclL peak is suggested in Fidaure 6.10(d), characteristic 
of behaviour usually associated with overconsolidated clays. The peak 
StiessekaciOs consistently occur early tn each test at axial strains: of 
2 or 3%. Deviatoric stress maxima are obtained at axial strains that 
decrease with increasing effective confining pressure. In these un- 
drained tests, pore pressures initially increased then decreased rapidly 
to approach an essentially constant value at larger strains. In many 
cases, these pore pressures were still decreasing slightly when maximum 
deviator stress was reached. 

A single major shear plane was observed in most of the samples but 
smaller shears were also common. Slickensides were frequently found 
well away from the main shear plane. These usually occupied dis- 
continuities associated with ice lenses, suggesting that shear features 
may be produced during thaw and consolidation by relative movement 


occurring between lumps. 
Stress paths in consolidated-undrained tests 


Figure 6.11 gives some typical stress paths showing the relation- 


ship between (c,' - 03')/2 and (o,' + o.')/2 during undrained shear. In 


3 


the low stress range, stress paths rise from the isotropic consolidation 
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pressure to meet the failure envelope at a point corresponding to the 
maximum effective stress ratio (open circles), then follow along the 
envelope until failure is reached at peak deviatcric stress (closed 
circles). At higher consolidation pressures, the stress paths assume 

a shape characteristic of soils which have been subjected to some preload 
or overconsolidation. These stress paths invariably depart from the 
failure envelope once peak deviator stress has been reached. Numbers 
appearing beside each of the curves identify the corresponding Fort 


Simpson test series numbers. 


An interesting example of the influence whicn secondary structure 
may exert during compression is illustrated in Figure 6.12. Shear 
movement initially occurred along a discontinuity that had previously 
been occupied by a 4 to 6 mm (1/4 in.) thick ice lens. The stress path 
rose to the failure envelope as siip proceeded along this primary shear 
plane. Once the stress ratio had peaked, the stress path fell 
away slightly, and with continued axial strain, a egaeend Sheer plane 
formed to intersect the first almost orthogonally. Although portions of 
the second shear plane followed cryogenic fissures, most of it passed 
through intact soil. Once again, the stress path rose to touch the 
envelope then fell away rapidly. Since each of the points along the 
curve represents approximately one percent of axial strain, it can be 
seen that small deformations produce large increases in stress in the 
early portions of these undrained compression tests. The slow deforma- 
tion rates employed ensured that pore pressures measured at the base 


of the sample accurately reflected those acting in the shear zone. 
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Shear strength envelopes 


Maxima for either the deviatoric stress or the principal effective 
stress ratio are usually adopted as failure criteria in triaxial testing. 
In undrained shear, these criteria are rarely coincident. Figures 
6.13 and 6.14 show shear strength envelopes for the Fort Simpson Zone 3 
and 4 material obtained by adopting, respectively, each of the failure 
criteria mentioned above. The most significant feature of these 


envelopes is their change in slope as the mean stress is increased. 
Ue yes i 
ay 3 


criterion does yield a slightly lower ultimate o' value. For all 


The curves are quite similar although the (o ) peaks failure 
practical purposes, the curved failure envelopes pass through the origin 
and suggest a geometric cohesive intercept (c!) equal to zero. 

The same data is shown again in Figure 6.15 where the sample source 
and core orientation have been indicated. The curves in this figure are 
based on failure at peak deviatoric stress. For small normal effective 
stresses, ! equals 28° to 32° and decreases to 23° or 24° at effective 
stresses of 300 Nya (40 psi). This same sort of failure envelope 
curvature has been reported for other clayey soils possessing blocky 
structure ‘(Bishop et al, 1965; Marsland, 1972; Mitchell, 1975 )<0 an 
the pressure range examined, there appear to be no marked differences 
between the effective strength parameters obtained for vertical and 
horizontal samples. The scatter in the data was sufficient to obscure 
any clear indication of anisotropy. 

Tests conducted on core from the Norman Wells site yielded similar 
results. Strength envelopes for each characteristic soil type are given 


in Figure 6.16. At larger stresses, the highly plastic clay from 
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below 10 m displayed the lowest ultimate friction angle. Each of the 
envelopes is curved and has a zero cohesive intercept similar to that 
found for the Fort Simpson soils. In Figure 6.17, a wider range of 
Stress Vs shown forjmaterial from the 0) to 2a interval, indicating that 
envelope curvature persists under effective stresses well beyond those 
likely to be encountered in most field problems. 

A portion of the curvature observed may be related to the breakdown 
of silt-sized aggregates of clay minerals, but most of the nonlinearity 
can be attributed to the stress-dependent response of the blocky secondary 
Structure. In this study, similar proportions of illite and kaolinite 
were found in soils tested from each of the three different sampling 
sites. In the low stress range, envelope shape was influenced more by 


SOrl macrostructure than the Imtrinsic frictional characteristics 0, the 


! GLE) 


intact soil. At higher effective stresses, o' vallieso; 23° to 25 ewere 
found, even though there were considerable textural differences between 
the soils. It mays be significant that the 26° peak and 23° residual 
angles obtained for reconstituted Mountain River Clay (Figure 3.2) 
bracket the peak effective friction angles found for similar, but un- 
disturbed soils from the Fort Simpson and Norman Wells sites. 

An insufficient number of satisfactory samples were available to 


adequately define strength properties for soils from the Noell Lake 
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6.6 UNDRAINED SHEAR STRENGTH 


Residual stress 


When a sample of frozen soil is removed from the ground, its 
residual stress defines the effective stress acting when that soil is 
thawed in an undrained state. Aside from constituting the starting 
point for estimating excess pore pressures and settlements during thaw, 
this effective stress will also govern available shearing strength. A 
relationship can be derived to relate the undrained strength of nor- 
mally consolidated saturated clays to their effective overburden pres- 
sure (Skempton and Bishop, 1954). Nixon and Morgenstern (1974) have 
suggested that this same expression might be used to relate the un- 
drained strength of a purely fictional thawed soil to its residual 


stress (oe This equation is written as: 


ey ee AC -_k)] sin 9! (6.6) 
or Ieee Zhe lies ne 
where ce is the undrained strength of the thawed soil, 

K is the ratio of horizontal to vertical effective stress 
with no lateral yield, 

A is the pore pressure coefficient at maximum deviatoric 
Stress, and 

g' is the effective angle of shearing resistance of the 


soil. 
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A plot of undrained shear strength with depth might then be expected 
to reflect the in situ profile of residual stress. Figure 6.18 shows 
the undrained strengths found with depth at the Norman Wells site. 
Moisture contents found for these samples gave liquidity indices which 
were slightly below average values indicated for the corresponding 
depth. This was probably due to the exclusion of ice which occurred 
during sampling and specimen preparation. The undrained strengths 
varied considerably with depth, as might have been anticipated from the 
residual stress profiles (Figures 5.20 and 5.21). 

Equation 6.6 was originally intended to describe the relationship 


between Undrained “strength andivertical effective stress in situ for 


soils with a much different stress history than that experienced by 
thawing permafrost. In ideal, normally consolidated clays, K is often 
approximated by 1 - sino'. Making that assumption, Figure 6.19 shows 
the range of c/P or Ci) oe. ratios computed from Equation 6.6 using the 
range of effective friction angles and A parameters ecad © be typical 
fOr SOLS, tested tm this study. Im the lew effective stress range, 
where A values were zero or negative, and friction angles were at their 
highest, predicted values for c /55' fatios are Ssigniticantly Greater 
than the c /P ratios usually given for normally consolidated clays. 
However, if the coefficient of earth pressure at rest approaches the 


active case, the Equation 6.6 reduces to: 
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This relationship, plotted as a dashed line in Figure 6.20, is inde- 
pendent of A and only weakly affected by $'. To be able to predict 
undrained strengths (given the in situ effective stress and appropriate 
strength parameters), it is necessary that both A and K be known with 


confidence for the thawing ground in question. 
Measured undrained strengths 


Effective strength envelopes and pore pressure parameters have been 
determined for soils from the Fort Simpson and Norman Wells sites. 
Samples tested were thawed, and in many instances, consolidated under an 
equal all-round pressure. In each test series, selected specimens that 
exhibited a finite residual stress were sheared undrained. Results from 
these tests are summarized in Figures 6.21 and 6.22. The Fort Simpson 
data covers a residual stress range that is broad enough for the nonline- 
arity of the C/o, ratio to become apparent. Curvature of this sort 
would be anticipated if $' decreased and A increased with increasing 


0 


ee as 1s the case. Data for the Norman Wells site falls tn a narrower 


' relation- 


Bias range and defines what appears to be a simple, linear c/9, 
ship. 

The ratio between vertical and horizontal stresses (K) is nec- 
essarily equal to one when these soils are thawed in a triaxial cel] 
under an isotropic stress. Hence, consolidation or swelling processes 
occurring during undrained thaw will be in response to that same 
isotropic stress. Table 6.2 compares experimental ly measured c/o, 


ratios to those computed by substituting measured values of A and 


¢' into Equation 6.6. A values used were the averages of those measured 
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in the tests reported. Reasonable agreement was observed between com- 
puted and measured undrained strengths. 

At present, virtually nothing is known about the coefficient of 
Carib pressure at rest. in thawing ground, since these soils follow a 
stress path that is quite different from those encountered in con- 
ventional soil mechanics. It is also known that the value of the A 
parameter measured in compression is, quite sensitive to sample dis- 
turbance and the pre-shear consolidation stress. path (Bishop and 
Bjerrum, 1960; Simons, 1960; Skempton and Sowa, 1963). Anisotropy, 
strain rate, and the rotation of principal stresses are all factors which 
deserve consideration in assessing the undrained strength of thawing 
ground, 

Lastly, it was observed that water contents in the shear zone 
invariably fell within one percent of the sample's bulk water content. 
Agreement of this sort is remarkable when the complex fabric of the 
samples sheared is considered, and indicates that negligible redis- 


tribution of moisture has occurred during shear. 
6.7 INTERPRETATION OF LABORATORY RESULTS 


Marsland (1972) has described a dilative failure mode at low 
confining pressures for stiff, fissured London clay. Mechanical and 
mathematical models have been developed by Ladanyi and Archambeault 
(1969) to explain a similar mechanism of dilative failure in a jointed 
rock mass. They have proposed a general. shear strength equation to 
describe curved failure envelopes, and Ladanyi (1970) has subsequently 


suggested that this same approach might be used to describe two 
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simulataneous failure modes in a jointed clay mass. The simultaneous 
shear along softened joint planes and through intact material produces a 
curved failure envelope with strength at low stresses being influenced 
moresbys ther Glays’ macrostructure than, its intact. stregnth. While the 
equation may wel! be conceptually correct, several parameters are 
involved which would prove difficult to determine experimentally, and 
for this reason, it seems improbable that this approach could be used 
for routine purposes. 

The strength envelopes determined for the soils described in this 
study all showed obvious curvature. This can be attributed directly to 
dilative failure in the blocky structure that remains when reticulate 
ice melts out. The structure produced by freezing and ice segregation 
permits easy access to water upon thaw. The mechanical disturbance 
resulting from differential volume changes during freezing accelerates 
post-thaw softening of soil adjacent to these ice lens fissures. 
Although intact soil blocks apparently retain their original lacustrine 
clay fabric, the softened soil within the fissured network becomes 
progressively remoulded. Chandler (1969, 1972) has described similar 
features and behaviour in soil profiles thought to have been subjected 
to permafrost conditions during the Pleistocene. The presence of 
these fissures lowers soil strength at low stresses by eliminating 
cohesion. 

Although no cohesion intercept was found for the materials tested 
in this study, it is conceivable that a finite cohesion might be 
observed with unsaturated samples. When’ the envelope extends into 
the low pressure range, caution is indicated in applying a cohesion 


intercept extrapolated back from tests performed at conventional 


® sain Tah ket Apveruy ) ainake Teiol 
dosnsut DAE tide ease’ wal 1 Aligned tab sacie 
cr a shinee re toamnt eat gly: #ediganss 4058 : 
, 2 56 rie diene feIevss . 13a? thane ok . 1 o 


pow - tl riage salerratah oy Sant ae eee cnvextel Sithieiy, soit Saves 
a i 


bret od Sits gigeiiags = hh dart eldetorgre anaag. 21, noeest. 
Jind. oi baie; abion sdf .so} Ban tniasteb icnsteamticniaiaaan er 
oy yitoso\o ewkudintie ad yee 2 iT teva? ewes! yoo bowocke’ Pe?-ybiites | 
sieluatiay mathe ei tae! tally orm ouee Solaatd arte ad sublet ov tsar it 
epee. oo 7 BAS, Brisa? at benwbeay: eu'touste aqt .2H06ed heer gay” . 
paned wid & i I ae sil. weld HOQU “Lote Oy Baeore 268, eo terteg 
ose cluaae: doliapt) colmbeagheds omulow -sisnansi}8 wos gainer 
nies anol ami weeny ‘93 Insagibed ine aa eninsd las metaetned, la 
owl=saunal fdatgi to “iad niades ef maseqas. gapohe Tied: asst dguartt thy .. 
eet 286 Jrinationhesugel3 on vidi liye , beoetge gris 2iy8e yala, 4 
46!) Imig abel oesh: erst (aver 828!) solyeadd « .bebTocmer, viet eee ; 
eiospdue Head aved of Sgpucdd asl Mord tips ns, walvaded wea 
) 30 Bing2ntg oat onaopnteiealt, odd . ga Lim eae} bao ves : 
gaiseninktp ya goesaate pol. Je Adens ve Hon ane | re 
bs es ke aL eae IV 6 Phils : 
boteot 21a: er og Faagraaal s | ioe On gevrer , 
hil ily i, ee Qectoge onthe ventdon ay psa 


ldiiaiadol den} oo en en 


bye: 


207 


pressures (e.g. 200 to 400 no)": Adopting a c' and $' obtained 

at these stresses will predict significantly higher strengths than 
the values which could ultimately be mobilized. The possibility of 
envelope curvature has been anticipated in the slope stability design 
assumptions described by Canadian Arctic Gas Pipeline Limited (1974). 

In the past, concern has been expressed regarding the size of the 
element of soil tested in relation to the spacing, geometry, and nature 
of discontinuities such as fissures (Marsland and Butler, 1967; Skempton 
and Petley, 1967; Morgenstern, 1967; Lo, 1970; Marsland, 1972). In this 
study of thawed permafrost soils, it was possible to maintain ratios 
of specimen diameter to average ice lens spacing greater than two in 
most cases. At Norman Wells, however, the nature of the core precluded 
am adequate assessment’ of the ground ice structure tn situ. Although 
it appeared that the size criterion was usually satisfied, some of the 
Samples used may not have been large enough to completely eliminate 
effects related to the presence of discontinuities. 

For a particular sediment, the accuracy with which laboratory 
strengths can represent field behaviour will depend considerably 
upon the spacing and geometry of cryogenic discontinuities. The length 
of time a soil mass remains under a particular stress will also affect 
its strength if softening remains a possibility. Of course, tests on 
small specimens that do not contain representative structure will simply 
reflect the shear strength properties of the intact clay. 

Extreme variations would normally be anticipated with undrained 
strengths measured in the laboratory, since the clays all exhibit a very 
flat swelling curve. Small changes in water content during thaw will 


produce large differences in effective stress, and therefore, in strength. 
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Local diversity in the freezing and stress histories, ground ice struc- 
ture, and basic textural properties, will then be responsible for the 
spatial differences in undrained strength. 

Nixon and Morgenstern (1974) have suggested that Equation 6.6 
can be applied to the prediction of undrained strengths from measured 
values of residual stress. This approach requires other input para- 
meters including =o", A; and Kk" (assuming full *saturation)s Effective 
strength parameters can be determined with accuracy sufficient for 
engineering purposes by following any convenient stress path to failure. 
The first stage in the usual procedure is isotropic consolidation 


(K="1). “Intsitu, bethek and: Auwill ube dififerent from values deter- 


mined in this sort of triaxial test. The coefficient of earth pressure 
at rest will certainly be less than one in an ice-rich thawing soil, and 
this suggests that consolidation should be conducted anisotropically, 
even during undrained thaw. Pore water suctions during soil freezing 
undoubtedly cause some isotropic volume change. This is evidenced 
indirectly by the formation of shrinkage cracks which eventually fil] 
with ice to become the familiar reticulate ice networks. Upon thaw, 
some portion of this strain must be irreversible, so it could be argued 
that K during thaw might even be less than K = 1! - sin o' which was 
probably the case prior to freezing. As K approaches the active con- 
dition, Ce oe becomes much less "sensitive to both @ and A] If sthis 
condition is assumed as a lower bound, cram falls. inthend-s3 sto,..0.4 
range and will provide a conservative estimate of undrained strength in 
terms of residual stress. 

The experimentally measured undrained strengths compare well with 


c/55' values computed by substituting appropriate values for 9$', A, and 
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K into Equation 6.6. It should be appreciated, however, that this A 
parameter is strongly influenced by the stress ratio. Experimental 
studies have shown that, with overconsolidated soils, anisotropic con- 
solidation results in a higher value for A than does isotropic con- 
solidation (Simons, 1960; Blight, 1965). This suggests that, by virtue 
of lower A values and a higher K, undrained strengths reported herein 


may be considerably higher than those which could be mobilized in situ. 


A small or negative A value in combination with a K = 1 explains the 
unrealistically high Geel values that were obtained in these undrained 
tests. The circumstances surrounding thawed soil behaviour lead to the 
conclusion that reasonable undrained strengths can only be obtained if 
the sample is thawed under an anisotropic stress field to simulate 


in situ conditions. Subsequent consolidation and shear will yield 
values of A and K that would be more appropriate for application to 
field problems. 

Furthermore, residual stresses obtained under isotropic stress 
conditions in the triaxial cel] might be expected to differ from those 
found under conditions of zero lateral yield in the permode. There is 
probably a pore pressure response to the deviatoric stress applied in 
the permode so that, unless A were by chance equa! to zero, permode and 
triaxial o. values would not be expected to equal each other. In 
Section 5.6 it was indicated that, by using two different test pro- 
cedures, similar residual stresses were obtained for the homogeneous 


soils at the Fort Simpson site. This indicates that either K must have 


been equal to approximately one in situ (unlikely) or the appropriate 


Value of the A parameter was close to, zero... Residual, stresses deter- 


mined in the triaxial cell for materials from the Norman Wells site 
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could not be correlated with permode results. They were erratic and 
probably reflected local variations in both K and A. Considering the 
constraints in each test, it seems reasonable to expect that residual 
stresses determined in the permode would probably be more representative 


of in situ conditions. Caution must be exercised in the use of relation- 


ships such as Equation 6.6 unless a better appreciation of Lae inal 


values for A and K can be obtained. - Vane shear tests and anisotropically 
consolidated undrained tests present a possible means of exploring these 
unknowns. It should be noted that testing thawed soils after isotropic 
consolidation, while defining appropriate values for c! and $', cannot 
hope to yield meaningful values for the A parameter. For this reason, 
undrained strengths determined in the conventional manner wil] 
necessarily be unconservative. Furthermore, sampling disturbance 
usually imparts some conservatism to measured strengths, but, since 
frozen core is a nearly perfectly undisturbed sample, this effect cannot 
be assumed in an assessment of thawed soil behaviour. 

From the preceeding, it should be clear that application of this 
sort of strength data to problems like evaluating the stability of 
slopes requires a careful examination of the parameters involved as well 
as the testing techniques which have been employed to obtain them. 
Mitchell (1975) has suggested that the conventional (o, = constant) 
displacement-controlled triaxial test is not well suited to defining 
strength envelopes for soils exhibiting dilative failure. The stress 
paths shown in Figure 6.11 lend support to his contention, since before 
peak deviatoric stress is reached, soils tested at low confining pressures 


attain (o,' + o,')/2 values well beyond the range of normal stresses 


“3 


encountered in most slope stability problems. This observation is 
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especially applicable to the case of active layer detachment slides, 
flows, and cther shallow mass movements. These circumstances suggest 
that careful appraisal of the stress path selected to produce failure 
is a necessary prerequisite to serious analysis and design. A modi- 
fication of the hydraulic triaxial cell described by Bishop and Wesley 
(1975) might be considered for use in future studies of the undrained 


strength of thawing soils. 
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TABLE 6.1 FREQUENCY ANALYSES OF w AND Ne 
FOR ZONES 3 AND 4 
ITEM MEAN STANDARD DEVIATION 
Density 1.78 On 
Venediay. (Nig/m?) ie 80: O12 
Water Content ho 1] 
Water Coneent: (%) oo 10 


Weighted with respect to sample volume 


TAB 6.2 
E/O2" RATIOS 
Us oe 


BPREGIIVE STRESS 


Ste RANGE o! 
PaaS (degrees) 

Fort Simpson 0- 5 28 

150 - 200 24 


Norman Wells 0 - 4o 3] 


COMPARISON OF COMPUTED AND MEASURED 


A. C/O, 
Computed Measured 
0.05 0.81 On79 
0.20 0553 0.46 
ABO: 24 1226 
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Figure 6.1 Frequency distributions of frozen bulk density and 
water content for samples from Zones 3 and 4, 
Fort Simpson landslide headscarp 
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Frozen bulk density - water content relationships for 


samples from Zones 3 and 4, Fort Simpson landslide 
headscarp 
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Figure 6.4 Pore pressure reaction test results for thawed soils, 
Norman Wells site 
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Figure 6.5 Pore pressure reaction test results for thawed soils, 
Noell Lake site 


Ter 
Paina vrs nina watonit ye ~ ' ‘ee 
rover Pieorrecin Ino i 
hia ma ana a . (eq 


4.20 tea? noiacess laeebers at a3 
~2ttoe hawsds +0) 2% WENT) te athe bee 


—— 


hat ot ee oer, 


ah ‘ 


we 


DEPTH BELOW GROUND SURFACE (meters) 


Figure 6.6 
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stratigraphy, Norman Wells site 
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Fort Simpson Landslide 

Headscarp, Zones 3 & 4 

=o Triaxial Tests on 10 cm 
Diameter Samples 
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Figure 6.8 Pore pressure parameter A measured at failure in triaxial 
compression, Fort Simpson samples 
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Triaxial Tests on 10 cm 
Diameter Samples 
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Figure 6.9 Pore pressure parameter A measured at failure in triaxial 
compression, Norman Wells samples 
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Typical consolidated, undrained triaxial compression 
test results, Zones 3 and 4, Fort Simpson landslide 
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Figure 6.16 Strength envelope for soils from Norman Wells site 
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Figure 6.18 Undrained strength test results in profile, Norman Wells 
site 
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CHAPTER VII 


CONCLUDING REMARKS 


FeV SITE UNVESTIGATION PRACTICE 


The design and construction of civil engineering works is normally 
preceeded by a site investigation that is intended to provide some 
definition of subsurface conditions. This investigation establishes the 
feasibility and economics of a project, and furnishes some or all of the 
information required for associated geotechnical analyses and design. 
However, obtaining access to conduct site investigations in Canada's 
arctic and subarctic regions is invariably a difficult and expensive 
undertaking. Such work is normally conducted distant from laboratory 
facilities so that drilling and sampling operations are usually completed 
some time before any core can be examined or tested in a laboratory 
environment. To adequately prepare for unforseen circumstances, planning 


for these site investigations should depart from routine practice by: 


1) Increasing the depth of boreholes. 
2) Decreasing the spacing between boreholes. 
3) Increasing the number of undisturbed samples taken and returned 


to laboratory facilities. 
In most cases, the additional expense associated with a more thorough 
initial program on site constitutes only a small fraction of the cost 
involved in mobilizing drilling equipment and personnel to conduct a 


supplementary field program. 
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Where permafrost conditions prevail, the soil fabric is invariably 
dominated by structural featunes associated with ground ice. In this 
thesis, laboratory results have indicated that fabric has a significant 
influence on the geotechnical behaviour of both frozen and thawing 
soils. Therefore, primary fabric formed during sedimentation and second- 
ary fabric which has developed thereafter should be described in consider- 
able detail. This implies a comprehensive account of ground ice features 
which can only be obtained from the examination of undisturbed core. A 
detailed description of stratigraphy and structure is essential since 
soil classification on the basis of index tests and textural analyses 
can seldom be used to indicate the more complex geotechnical character- 


istics exhibited by natural deposits in situ. Techniques available for 


sampling permafrost provide core diameters which rarely exceed 10 cm (4 
in.), and borehole logs are commonly prepared from an examination of 
this sort of sample. Viewing the same or similar material in section at 
an exposed face certainly facilitates a more realistic visualization of 
bulk fabric than do ground ice features included in small] diameter 
cores. 

When disturbed samples are taken instead of intact core, logs 
detailing materials encountered are restricted to textural descriptions. 
Without some prior knowledge of the site, it is difficult or impossible 
to infer genetic origin, stratigraphy, macrofabric, and other geological 
details. In both frozen and thawed soils, discontinuities produced by 
freeze-thaw processes or the presence of discrete ice lenses are important 
factors affecting soil behaviour. Practical limitations on sample 


quality complicate obtaining accurate descriptions of quantities and 
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types of ground ice, especially when it is present in thick streaks 
which are either badly shattered or washed away during coring. Diffi- 
culties such as these emphasize the need to select sampling equipment 
carefully, so that core obtained will have dimensions sufficiently large 
to contain representative and identifiable ground ice structure. 
Although the NRC-CRREL system (Pihlainen and Johnston, 1963) system 
for field description of permafrost soils has received wide use in 
practice, it is only modestly capable of providing an adequate log of 
ground ice conditions. Volumetric percentages of segregated ice are 
based on visual estimates and little attention is usually paid to accuracy. 
Direct measurements of cumulative ice lens thickness over core lengths 
of 20 to 50 cm (8 to 20 in.) are seldom made, So ice contents feported 
on routine borehole logs are often more qualitative than quantitative. 
The NRC-CRREL system is most deficient in soils which contain a reticulate 
tee structure or are’ extremely ice-rich. therefore, the development of 
a more comprehensive scheme for the field identification, classification 
and description of ground ice is urgently required. This system would 
concentrate on primary features such as the amount and distribution of 
ice in the soil, the geometry of its occurrence, and the nature of the 
soil included between discrete ice lenses. Secondary features pertaining 
to ice petrology, genetic origin, hydrogeological conditions at the time 
of permafrost aggradation, and the soil's geothermal history could 
become important it a more detailed understanding of the relationship 
between the ice and its host sediments was sought. However, obtaining 
data pertaining to secondary features is not usually practical, especially 


in the field. Once primary features have been logged, superimposing the 
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ground ice description on a detailed stratigraphic log provides a sound 
basis for. interpreting the penecie origin of each ice type encountered 
in the borehole. 

Results presented in this thesis suggest that in addition to index 
and textural properties, representative values of water content and 
frozen bulk density in profile are important in the assessment of geotech- 
nical behaviour for frozen or thawing soils. These properties can also 
be used to obtain a clearer understanding of the geological and freezing 
histories which the soils have experienced. Obtaining representative 
water content and density data requires considerable effort in selecting 
appropriate equipment and conducting the subsequent sampling operation. 
To stress this point, a study worthy of note is one reported by Lau and 
Lawrence (1976) which analyzed a large volume of drilling results obtained 
in the Mackenzie River Valley. Their. data indicate that under similar 
terrain conditions, the frequency and amount of ground ice reported when 
conducting disturbed sampling was invariably less than when continuous 
undisturbed samples were taken. After recognizing the practical limita- 
tions which normally control accuracy obtained in logging ground ice 
quantities from intact core, it is apparent that continuous undisturbed 
sampling methods should be given preference where permafrost conditions 
are anticipated. Large diameter samples certainly provide a better 
opportunity to eee eed ice conditions correctly. This sort of sampling 
should be specifiec whenever possible so that fabric contained in spec- 
imens selected for more sophisticated laboratory testing will be repre- 
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Considering the high costs associated with drilling and sampling 
activities in the Canadian North, it is clear that the introduction of 
new methods for supplementing data obtained from boreholes would certainly 
be welcomed. Downhole geophysical tools offer some promise in this 
regard, particularly when a need to correlate stratigraphy or specific 
soil properties exists. Continuing research and development to refine 
sampling equipment and procedures is required before the quality of core 
obtained can be improved, especially in the case of soils which contain 
Significant quantities of segregated ice. Minimizing or eliminating 
mechanical disturbance to ice inclusions will result in improved accuracy 
in logging ground ice conditions, and in determining profiles of water 
content and frozen bulk density which are representative of conditions 


in situ. Concern with sample quality must also be continued throughout 


their transport and storage. The judicious use of field laboratory 
facilities can minimize risks which would otherwise be necessary if 
large quantities of core had to be shipped from remote sites to estab- 
lished geotechnical laboratories. At the same time, a field laboratory 
permits obtaining a greater amount of data per borehole than might 


otherwise be collected. 


7.2 ENGINEERING BEHAVIOUR OF PERMAFROST SOILS 


Frozen soils 


A review of published results obtained from tests on polycrystal- 


line ice and various frozen soils has suggested that shear strength and 
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creep behaviour are intimately related. An approximate flow relationship 
has been developed for ice and congints of a power law which relates 
strain rate to stress with an exponent that is approximately equal to 3. 
Temperature effects in this relationship are included in a creep modulus 
which appears to be amenable to analysis within the framework of rate 
process theory. 

Laboratory testing conducted as part of the research reported in 
this thesis substantiates the concept that shear strength in ice-poor 
frozen soils depends upon normal stress. The friction angle mobilized 
in these tests was essentially identical to that which could have been 
determined from conventional drained tests on the same soil in a thawed 
state. The results of previous laboratory studies have documented this 
sort of behaviour for sands, but other limited testing reported in the 
literature had indicated that frozen fine-grained soils did not behave 
in a frictional manner. By conducting shear tests at sufficiently slow 
rates of strain, results reported herein confirm that ice-poor frozen 
silty clays do exhibit frictional strength. Rate and temperature depend- 
ence are included in a cohesive intercept which becomes small or negli- 
gible when strain rates are very slow. The strength and deformation 
characteristics of ice-rich soils probably correspond more closely to 
behaviour observed for ice, although effects which soil inclusions may 
have on these properties require further study. 

Inspecting samples which had been subjected to direct shear revealed 
that some redistribution of moisture had occurred within the shear 
zones. This was evidenced by the formation of semi-continuous ice 


lenses along both principal and secondary shear planes and resulted ina 
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net increase in soil water content within the shear zone. Accumulation 
of segregated ice along failure planes implies that sustained shear 
movement could lead to an acceleration in displacement rates if the 
applied stress were to remain constant. The amount of unfrozen water 
present and its mobility are factors which are certainly important to 
obtaining an understanding of this process. 

The creep behaviour of frozen soils is less well-defined. Addi- 
tional testing under both laboratory and field conditions is required 
before design work governed by deformation criteria can be undertaken 
with any degree of confidence. In particular, the effects which thermal 
conditions have on the creep behaviour of fine-grained soils are accent- 
uated by changes in unfrozen water content: these tend to be most 
dramatic at temperatures within 2 or 3°C of the melting point. Data 
presented here indicate that at near-thawing temperatures, fine-grained 
soils may creep at rates which are faster than those given for ice. 
However, several questions have been raised regarding temperature control, 
measurement and uniformity of strain, and methods employed to interpret 
the test results. A critical examination of analytical methods used to 
evaluate laboratory creep data in the past has revealed that considerable 
errors have occasionally been introduced in the determination of creep 
rates. Ih such cases, interpretation may~be confused to the point that 
certain basic behavioural characteristics are overlooked. Methods 
described here for reducing creep data eliminate some of the interpretive 
problems by utilizing continuous differentiation of the time-strain 
curves to establish strain rates. tees eene analytical procedures have 


been successful in identifying both attenuating and steady state creep 
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processes in a series of tests performed on undisturbed, fine-grained 


permafrost soil. 


Thawed and thawing soils 


The results of various tests reported in this thesis have consist- 
ently shown that macrostructural features associated with segregated ice 
have a significant effect on the strength, permeability, and consolida- 
tion properties of thawed soils. These findings emphasize the great 
importance of obtaining and testing specimens which contain fabric that 


is representative of in situ conditions. Geology and conditions prevail- 


ing during permafrost aggradation are reflected in a soil's behaviour 
upon thaw. Obtaining a better appreciation of geotechnical properties 
in profile has been a definite aid in. interpreting geological histories 
for sections logged at both the Norman Wells and Noell Lake sampling 
sites. Data collected there indicate that simple index properties like 
density, water content, texture, and liquidity index can reveal a great 
deal about the deposition of sediments and the subsequent invasion of 
permafrost conditions. 

Consolidation testing has revealed that a vast majority of these 
undisturbed samples exhibit a linear relationship between void ratio and 
the logarithm of ecu stress. Consolidation coefficients measured 
during some tests changed by more than an order of magnitude, and usually 
decreased as stresses were increased. A review of complementary perme- 
ability data has demonstrated that at low effective stresses, open 
structural discontinuities are capable of conducting significant amounts 
of water. However, as effective stresses are increased, structural 


closure effects a marked decrease in permeability. Consolidation coe- 
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fficients determined from post-thaw settlement data may be quite conserv- 
ative when used to predict pore pressures generated by thaw. Limited 
data contained in this thesis suggest that the nonlinear thaw- 
consolidation theory (Nixon and Morgenstern, 1973a) should be adopted 

for most cases of thaw involving natural soils. Appropriate values for 
the residual stress and Cy would be required to obtain a meaningful 
theoretical prediction of pore pressures. 

An extensive investigation of residual stresses in undisturbed 
permafrost soils has shown that for a specific soil type, this quantity 
is uniquely related to the thawed, undrained void ratio. It can also be 
correlated with plasticity characteristics and liquidity indices. 
Redistribution of soil water, and irreversible strains occurring due to 
local increases in effective stress during freezing, control the residual 
SuEess oe) measured when the soil is thawed under undrained conditions. 
Finding that e-log one curves were typically linear made it possible to 
obtain ope values by extrapolating post-thaw consolidation data back to 


' made in this way 


the thawed, undrained void ratio. Estimates of om 
agreed well with values measured directly in the tests. For each soil 
type tested, linear correlations have been developed between the thawed, 
undrained void ratio and the logarithms of experimentally measured 
values of residual stress. Similar relationships can probably be de- 
veloped for any Brnee soil type. 

The permode used to perform these tests proved to be quite versatile 
and demonstrated its utility as a basic apparatus for conducting labor- 


atory tests on thawing soils. This detailed study of residual stresses 


and the consolidation of natural soils has shown that relatively 
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unsophisticated testing methods can provide sufficient geotechnical data 
to permit the application of existing thaw-consolidation in analysis and 
design. Further experimental work on the consolidation and related 
properties of thawing permafrost will probably result in diminished 
returns unless site-specific data are required. Other research topics 
which might yield useful results are a controlled investigation of 
structural scale effects and the prototype development of a suitable 


piece of in situ testing equipment like the modified compressometer 


described by Janbu and Senneset (1973). At this point in time, better 
confirmation of existing theories and laboratory data should remain as a 
priority item. Carefully planned and executed field thaw tests are the 
only means available to increase engineering confidence in our ability 
to understand and predict the behaviour of thawing soils. 

Consolidated undrained triaxial tests with pore pressure measurement 
were performed on several different soil types, and the results consist- 
ently showed a nonlinear failure envelope. This is a reflection of the 
way in which a dilatant macrostructure dominates strength behaviour at 
low effective stresses. At those low stresses, peak friction angles 
were significantly higher than might have otherwise been anticipated on 
the basis of soil texture and plasticity. This nonlinear behaviour will 
have the greatest bearing on cases like active layer detachments or 
flows, where conditions of low effective stress will certainly be common. 

Secondary structure also has an effect on the pore pressure response 
to changes in both the all-round and deviatoric stresses. Softened 
soil, situated adjacent to discontinuities which were formerly occupied 


by ice’ lenses, initially exhibits a high pore pressure response to 
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changes in confining pressure. This pore pressure increase gradually 
dissipates as water either drains away or is absorbed by the soil peds 
as they swell. Data obtained indicate that as samples are consolidate 
to higher confining stresses, the pore pressure coefficient B decreases. 
This behaviour suggests that in the long term, response may be mainly 
governed by the peds. In fine-grained soils, moisture content data 
indicate that these peds have usually been desaturated by suctions 
generated during freezing. The measured A. parameters were negative in 
tests conducted at low effective stresses, which indicates that the peds 
were behaving as intact units by dilating, with failure planes tending 
to follow existing structural discontinuities. At higher stresses, 
shear planes also formed through the peds, and higher values were observed 
for A... 


Undrained strengths appeared to be related directly to the residual 


“as an inttiaw €rrective stress and 


stress. By using the measured Om 
including appropriate values for A, K, and b, close agreement was obtained 
between theoretically predicted and measured values of undrained strength. 
A detailed review of the data led to the conclusion that providing for 
anisotropic consolidation during thaw was probably essential to the 
measurement of realistic undrained strengths and pore pressures during 
shear. Testing procedures used in the course of this research may have 
obtained undrained strengths which were too high, and it is certainly 


questionable whether they are at all representative of shear strengths 


which could be mobilized in situ. This means that testing procedures 


may also affect the measurement of residual stress, since pore pressures 


generated by the application of a deviator stress are strongly influenced 
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by conditions of lateral restraint. In the analysis of cases such as 
active layer detachments where low effective stresses certainly prevail, 
pore pressures generated in a dilatant macrostructure may warrant the 
additional experimental difficulty of adhering to a more appropriate 


stress path during thaw and shear. 


7.3 FURTHER RESEARCH 


In a field which has only received serious geotechnical attention 
during the last decade, many topics remain which require further research. 
The study described in this thesis involved several different laboratory 
programs, and of all the experimental problems encountered, obtaining 
adequate fenberature control in tests performed on frozen soil proved to 
be the -most difficult. 

Although there is probably not much more basic laboratory work on 
thawed soils required, the following are noted as being topics deserving 
of attention: 

1D Determining the effects which conditions of applied stress 

have on the measurement of residual stresses. 

2) Determining pore water pressures generated during shear when 

realistic stress paths are followed. 

3) Comparing shearing behaviour and pore pressure response under 

conditions of isotropic, anisotropic, and ne consolidation. 
Although using undisturbed materials in these studies provides additional 
detail on other natural soils, the interpretation of experimental 
results will almost always be complicated due to their inherent vari- 


ability. 
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Of greater significance is the need to conduct more tests on frozen 
soils at stress levels and temperatures which correspond to typical 
Field conditions. Continued research in this area is particularly 
important in light of the fact that creep behaviour in frozen soils is 
still rather poorly understood. Although some of the work reported in 


tag 


this study has resulted in the development of more rational methods for 
analyzing experimental creep data, additional tests on natural permafrost 
soils are still required before field behaviour can be thoroughly under- 
stood or predicted. A definitive study of consolidation processes in 
frozen soil to explore mechanisms and processes controlling moisture 
migration would also be of considerable interest. 

Very little practical experience with the design or performance of 
foundations in arctic regions has been documented. Theories have been 
developed which provide analytical solutions to several key problenis, 
but before these can be used in routine design practice, determination 
of appropriate, and often complex, material properties is required. 

Some degree of confidence in the general applicability of these theor- 
etical treatments must also be gained. With this virtual absence of 
well-documented case histories, detailed performance records from any 
structure founded on frozen or thawing soils will constitute welcome 
data. To obtain optimum benefit from information of this sort, it is 
essential that the results be analyzed and interpreted in a rational 
manner. 

Almost any activity which enhances the geotechnical engineer's 
ability to understand and predict the behaviour of frozen or thawing 


soils is costly. At the same time, the expense involved with instru- 
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mentation, performance monitoring, or conducting large-scale field tests 
may be warranted if the costs defrayed by reducing the necessity for 
conservatism in design are sufficient. The most fruitful areas for 

future research in permafrost engineering probably relate to developing 
methods and equipment which are capable of improving both the quality 

and quantity of information collected during site investigations. 

Although less glamorous than developing elegant theoretical treatments, 
activities which are currently hindered by deficiency include drilling, 
sampling and logging procedures, downhole and surface geophysical methods, 
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APPENDIX A 
FIELD WORK 


A.1 SAMPLING EQUIPMENT AND PROCEDURES 


Each of the permafrost cores tested in this study was obtained 
with a shell auger core barrel. Sampling devices used in the field 
work were manufactured in the Department of Civil Engineering Machine 
Shop, University of Alberta, and were patterned after the USA-CRREL 
ice auger. Over the past 15 years, the CRREL ice auger has been used 
throughout the cold regions of the world for sampling in snow, ice, 
and frozen organic and fine-grained mineral soils (Ueda, 1975). 
Figure A.1] presents a sketch of the double helical auger core barrel 
and summarizes its basic features (also see Plate A.24). The core 
barrels used to obtain samples for the laboratory program described 
in the body of this thesis were all constructed to provide a 10 cm (4 
inch) inside diameter. Modifications to models which had been used 
previously included: 

1 Eliminating the outside drive collar at the top of the 
barrel, thus promoting the movement of the cuttings up the 
flites to where they could be reservoired. 

2) Redesigning the cutting teeth and using case-hardened steel 
instead of attaching tungsten carbide inserts to the 
leading edge. 

3) Providing a convenient bayonet drive connection on barrels 
used in hand sampling operations. 

) Constructing the core barrels from stainless steel tubing. 

5) Thickening, and thereby strengthening the core barrel at 
its top by providing an inside collar where the drive head 


is attached. 


To promote rapid core barrel penetration in fine-grained permafrost 


soils, the angle between the front surface of the cutting edge and 


surface being cut was set at 55°. A positive back clearance angle 
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of between 30° and 35° was adopted. With this configuration, cutting 
was most effective when a back clearance of approximately 0.5 cm (0.2 
inches) was maintained. A small inside clearance of up to 0.03 cm 
(0.01 inches) was provided by setting the cutting teeth to overlap 
the inside surface of the core barrel. These teeth were made from 
case-hardened Keewatin tool steel and exhibited good wear characteris- 
tics when cutting fine-grained frozen soils. In sandier materials, 
it remained necessary to use tungsten carbide inserts soldered onto 
the cutting face, but a great deal of breakage was experienced when 
stones were encountered. More recent experience with seismic grade 
inserts has indicated that their greater durability renders them 
satisfactory for this particular application. Some of the hardened 
teeth were field-sharpened with a grinder when the cutting edge 
became dull. They proved to be quite durable in cutting through soil 
which contained a few pebbles, and suffered less breakage than the 
earlier carbide inserts had. A core catcher was not provided since 
cuttings normally jammed into the gap between the core and the inside 
of the barrel. Inside friction built up until the core broke off, 
and also held it in the barrel during extraction from the borehole. 
Whenever a mechanical break did not occur during the coring run, the 
cores were separated at the cutting face by jarring the core barrel 
or pushing a wedge into the annulus to snap the core with a canti- 
livering action. The core barrel was then run down the borehole to 
extract the loose piece of core. 

At the Fort Simpson landslide headscarp sampling site, core 
barrels were turned with a gasoline-driven post-augering unit that 
could be handled by two men (see Plate A.22). The auger frame was 
1.2 m (4 feet) wide, so the maximum torque produced by the engine 
could be resisted without causing excessive strain to the operators. 
This technique proved to be quite successful since it was possible to 
maintain a good feel for conditions at the cutting face. Force 
applied to the cutting surface could be varied accordingly, and 
several unbroken cores as long as 0.8 metres (2.5 feet) were obtained. 


Both horizontal and vertical holes were drilled to depths of more 
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than 2.0 metres (6.2 feet) into the headscarp. Scaffolding was used 
to provide footing and access to various levels of the near-vertical 
slope (see Plates A.2 and A.3). Some difficulty was encountered with 
cuttings which packed tightly near the cutting shoe and prevented 
material from travelling the full length of the flites to be cleared 
at the top of the core barrel. This problem was remedied by spreading 
a thin film of oil along the outside of the barrel before each coring 
run. Binding occasionally occurred which necessitated freeing the 
core barrel with a jack. In one extreme case, the core barrel] became 
frozen in, so commercial antifreeze was poured into the borehole 
where it was allowed to stand for several hours. This eventually 
eroded and softened the frozen soil to the extent that the core 
barrel could be extracted with ease. Cuttings reservoired above the 
top of the core barrel occasionally froze to the wall of the borehole 
and impeded extracting the sampler from the ground. Chipping, jacking, 
and antifreeze were used to remedy this condition. 

Normally, core length was limited by the storage capacity for 
cuttings which collected along the flitings and in the reservoir 
Space above the barrel. In hand drilling operations, the coring 
process seemed most effective if the barrel was retrieved after each 
0.3 to 0.5 m (1 to 1.6 feet) of penetration so the flites could be 
cleared. This procedure also seemed to reduce the amount of mechanical 
breakage experienced by the core. Obtaining long sections of intact 
core with the hand augering equipment was possible since the operators 
were able to 'hear' or 'feel' whether ice or soil was being cut. 
When thick ice lenses were being penetrated, the relatively steep 
leading angle on the cutting face resulted in fracturing and spalling 
unless downhole pressures were reduced. A reduction gearbox placed 
between the engine and the core barrel resulted in maximum rates of 
rotation of approximately 120 rpm. Slower rates in the range of 30 
to 50 rpm resulted in coring penetration rates of 0.3 to 0.4 m (1 to 
1.2 feet) per minute. It was noted that breakage was usually restricted 
to through-going ice lenses, and probably resulted from cracking 


brought about by the action of the cutting teeth. 
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A heliportable 'Ranger' drill rig was used to advance the boreholes 
at both the Norman Wells (MVPL) and Noell Lake sampling sites. This 
drill rig employed a 40 horsepower gasoline engine and hydraulic 
pump, turning the augers and the core barrel] with a variable-speed, 
reversible, hydrostatic drive. This permitted backing the core 
barrel up whenever it became jammed or frozen in. Substantial pullout 
force was also available since the drive head was attached to a 
hydraulic ram with a 1.5 m (5 foot) stroke. Considerably more core 
breakage occurred with the 'Ranger' rig since the driller was less 
able to match torque and downhole pressure to the characteristics of 
the material being cut by the core barrel. At Norman Wells, the 
drill rig was mounted on a flatbed truck, but the remoteness of the 
Noell Lake site necessitated using lighter skid gear that would be 
moved with a helicopter. This second configuration reduced the 
downhole weight available and made it more difficult to drill toa 
depth, of 12m (08feet) there. 

Core logging in the field consisted of detailed observations of 
sedimentary structure, ice content and structure, soil texture, and 
plasticity. Depth intervals for each coring run were established by 
measuring the borehole depth once the core barrel had been retrieved. 
Material packed between the core and inside of the barrel usually 
necessitated mechanical assistance to extrude the core. A propane 
torch was also employed to heat the core barrel slightly and decrease 
internal adhesion. Each core was caught in a tray where visual 
logging was performed before it was placed in a plastic sleeve and 
sealed. Details noted on each core sleeve included borehole number, 
depth interval, top end, and sampling date. 

The following summarizes sampling equipment and logistics details 


pertaining to each of the sampling sites. 
Fort simpson Lands Vide Headscarp 


Sampled: May, 1973; October, 1973; October 1974 
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Ambient Air Temperature: 15° to 18°C; ~-8° to -1°C; 
-4°C; respectively 
Equipment: 10 cm CRREL core barrel driven by a gasoline- 
powered post-auger unit 

Access: Equipment and cores transported to and from Fort 
Simpson with an Alouette |! helicopter. Personnel 
were either flown in or walked approximately 2.5 
km (1.6 miles) from the Mackenzie Highway along a 


cutline. 
Norman Wells (MVPL) Sampling Site 


Sampled: Late February, 1974 
Ambient Air Temperature: -35° to -45°C 
Equipment: 10 cm CRREL core barrel driven a 'Ranger' drill 
(truck mounted) 
Access: A four-wheel-drive truck driven from Norman Wells 
along seismic lines which had been cleared by a 


bulldozer 
Noell Lake Sampling Site 


Sampled: Early March, 1974 

Ambient Air Temperature: -40° to -45°C 

Equipment: 10 cm CRREL core barrel driven by a ‘Ranger' drill 

on helicopter-portable skid gear 
Access: Equipment, personnel, and core transported from 
Inuvik with Bell 205A-1 and Bell 206B helicopters 

Several insulated core boxes were constructed to store core on 
site and ensure its safe transport back to laboratory facilities in 
Edmonton. The main features of these core boxes are summarized in 
Figure A.2. The sampling operations described in connection with this 
study were generally conducted when ambient air temperatures were 


below 0°C in the field, so very few problems were encountered with 
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handling or storing core there. The only potential difficulty arose 
when samples were consigned for shipment on commercial air freight 
carriers. The boxes were painted bright yellow with outside markings 
clearly indicating the perishable nature of their contents. The key 
to successful core transport using insulated boxes lay in ensuring 
that an airtight seal was provided for the sample compartment. This 
was accomplished by using an RTV silicone rubber caulking compound 
along the insulation joints and around the perimeter of the lid. The 
cores were jacketed and sealed in 10 mil thickness polyethyene tubing. 
Snow was packed in the boxes prior to sealing them for shipment so 
that sublimation would be kept to a minimum. This also permitted 
storing the core in a cold room for extended periods before opening 


the boxes to commence laboratory work. 
A.2 DESCRIPTION OF THE SAMPLING SITES 


General geographic locations for the three sampling sites used 
in this study have been presented in Figure 1.1. Detailed location 
plans for the Fort Simpson, Norman Wells, and Noell Lake sampling 
sites are shown in Figures A.3, A.4 and A.5 respectively. The following 
presents detailed stratigraphy and a summary of soil properties for 


materials encountered at these three sampling sites. 
Fort Simpson Landslide Headscarp Sampling Site (Mile 226) 


A section exposed at the headscarp of a large landslide located 
on the left bank of the Mackenzie River approximately 32 kilometres 
(18 miles) downstream from Fort Simpson, N.W.T. was measured and 
sampled intensively. The landslide and features of the headscarp are 
ijdustrated on Plates A. A.2, and A.3. McRoberts (1973) and Pufah! 
(1976) have described this landslide and summarized pertinent regional 
geological features. Lacustrine sediments have filled this portion 


of the Mackenzie Valley and essentially form a wedge, thinning away 
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from the river to discontinuous patches. The texture of these lacust- 
rine sediments invariably consists of clay, silt, and sand sizes with 
a general tendency for decreasing mean grain size with depth. At the 
time the site was sampled, the headscarp had exposed a surficial 

layer of sand that generally increased in thickness with distance 

from the river. A silty clay or clayey silt layer with sand pockets 
containing finer-grained rip-off clasts was present beneath the sand. 
The lacustrine silty clay became finer-grained with depth, and bedding 
features were difficult to distinguish. A stratigraphic section for 
the headscarp exposed in October, 1973, is shown in Figure A.6. The 
zones indicated have been described in Chapter V and were differentiated 
on the basis of distinctly different amounts and types of ground ice 
exposed. Plasticity characteristics for these soils are summarized 

in Figure A.7. The data points parallel the A-line and it can be 

seen that these soils exhibit low to intermediate plasticity. Data 
points determined for material from Zone 2 lie closer to the A-line 

as a result of their slightly coarser texture. Moisture contents and 
frozen bulk density data determined from core obtained at this site 
are plotted in Figure A.8. Solid lines shown on these graphs have 
been calculated from theoretical relationships presented as Equations 
6.1 and 6.2. It can be seen that for reasonable ranges: of G_, many 
data points plot below the line which indicates that most of these 
soils were not saturated. This characteristic is especially noticeable 
with material from Zone 2. Textural characteristics of the headscarp 
soils are summarized in Figure A.9. Samples from Zone 2 contained 
some sand and coarse silt, while samples from Zones 3 and 4 consisted 
predominantly of clay with lesser quantities of silt. Properties for 
the material from Zone 2 indicate that this relict active layer has 
been subjected to numerous freeze-thaw cycles which probably desaturated 
the soil and mixed in some of the coarser, near-surface sand as a 
result of extensive cryoturbation. Typical ground ice structures 
encountered in each of the different zones are shown on Plates A.4 


through A./7. 
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Norman Wells (MVPL) Sampling Site 


During or subsequent to glaciation of the Mackenzie River Valley, 
ice dams situated somewhere to the north of Sans Sault Rapids caused 
a large proglacial lake to be impounded along the valley. At its 
maximum, this lake may have extended as far south as the vicinity of 
Fort Norman. Differential crustal rebound makes establishing maximum 
lake levels somewhat difficult, but it is probable that at its maximum, 
this body of water reached an elevation of at least 150 m (500 feet) 
above sea level. Major sources of detrital material were tributatires 
which roughly correspond to channels occupied by the present-day 
Mountain, Carcajou, Great Bear, and Keel Rivers. Mackay and Matthews 
(1973) have suggested that with the retreat of the ice lobe that 
occupied the Mackenzie plain in late Wisconsin time, the Mackenzie 
began to flow along the lowlands to the west of the Franklin Mountains. 
The lake developed along these lowlands, and its early stages, was 
dammed to an altitude of approximately 240 m (800 feet) above sea 
level by ice still present on the north and northwest. The basin 
gradually filled, and with the disappearance of the ice dam, ponded 
at an elevation of approximately 95 m (310 feet) above sea level 
behind a bedrock ridge situated southwest of Fort Good Hope. This 
stage has been dated at approximately 11,000 to 11,500 Ch, years 
before present. A series of spillways developed across the ridge and 
led to the eventual downcutting of the Ramparts and complete drainage. 
of the lake impounded above that point by approximately 6100 Cay, 
years before present. In the intervening time, further downcutting 
has resulted in the Mackenzie River becoming incised in former lake 
and river sediments. 

The MVPL ice variability study site at Norman Wells is located 
approximately 3 km (1.5 miles) back from the rig!t bank of the 
Mackenzie River. Surface elevations at the site indicate that this 
portion of the valley would have been submerged by water impounded 
during both the ice and bedrock dammed glacial lake stages. The 


sequence of sediments encountered in the boreholes drilled as part of 
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this study are summarized in the stratigraphic profile presented as 
Figure A.10. Ci, (eee determined from peat layers indicate reasonable 
agreement with the regional sequence of events outlined by Mackay and 
Matthews (1973). Sediments in the first 2 m probably consist of 
alluvial material deposited by the active Mackenzie River during 
downcutting. Stratified silts and clays beneath this were probably 
deposited in the glacial lake impounded behind the Ramparts bedrock 
high. The deepest occurrence of discrete organic material at a depth 
of 7.5 m gave an age of 9300 Chih years before present. Below that, a 
pebble lag was encountered at a depth of approximately 9.5 metres, 
and this was underlain by highly plastic, thinly bedded clay. The 
liquidity index profile suggests that three distinct sedimentation 
sequences have occurred in this depth interval. The absence of 
organic material, and the fine-grained, highly plastic nature of soil 
samples recovered from below a depth of 10 metres suggest that this 
portion of the profile was probably deposited in a deep water, distal 
environment. These sediments probably date back to the ice dammed 
glacial lake phase. Examination of organic inclusions in the soils. 
between the depths of 3 and 9 m suggest a gradual transition from a 
shallow, nearshore environment to shoreline or backwater sedimentation. 
Again, this sequence of events corresponds to the post-Wisconsin 
geomorphic development that Mackay and Matthews (1973) have described. 
Textural properties of the soils encountered in this profile 
have been summarized in Figure A.11]. Once again, the data points 
tend to parallel the A-line. These soils exhibited low to high 
plasticity, and several samples had a plasticity index which had been 
reduced the presence of organic material. Figure A.12 summarizes 
moisture content and frozen bulk density data that was determined 
from samples obtained with a CRREL core barrel (this study). As was 
noted for the Fort Simpson Site, the results plotted here indicate 
that many of the samples were probably not fully saturated. However, 
interpretation of this data is complicated by the fact that organic 
material present in many samples made it difficult to establish 


meaningful values for G.. In Figure A.13, data extracted from the 
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MVPL studies demonstrate the mechanical disturbance which resulted 
from sampling with a vibratory core barrel. There is considerably 
more scatter in this data, and points generally plot at lower frozen 
bulk densities for a given water content. Grain size curves and a 
summary of textural data for soils from the Norman Wells sampling 
site are presented in Figure A.J4. 

Photographs of typical cores taken from this profile are included 
asePlates .0 throuchnAel!s,) Thesewi llustrate typical. ice! structures 
which were encountered as well as some of the organic inclusions and 
sedimentary structures. Of particular note are the stratified ice 
lenses on Plate A.8 which are characteristic of soils from the active 
layer. Plate A.9 shows a core which includes numerous charred sticks 
and roots that were probably a shoreline deposit of charred wood 
washed in from burned areas on the slopes surrounding the lake. 
Plates A.13 and A.15 both illustrate a well-developed reticulate ice 


Structures 
Noell Lake Sampling Site 


Rampton (1973) has indicated that surficial materials in the 
vicinity of Noell Lake consist of till and till-derived deposits 
which have usually been described as stony clay. The till is a 
black, sticky clay containing stones up to boulder sizes, and the 
matrix material has presumably been derived from Cretaceous shale to 
the south. The area is dotted with thermokarst lakes which are 
common within the terrain unit and probably result from the melting 
of large bodies of massive ice and icy sediments at depth. The topo- 
graphy is gently rolling, but glacial landforms which might provide 
a key to the depositional environment for these sediments are indistinct 
and difficult to identify or delineate. The ground surface at this 
sampling site was covered with bare-centred hummocks which had diameters 
ranging from 2 to 4 m (6 to 12 feet). Micro-relief was in the order 
ofe0rksmi (1S feet)morThelstratigqraphic otal determined from 


drilling and sampling at this site is summarized in Figure A.15. 
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Soils at the site consisted of 1 m (3 feet) of sandy silt which 
exhibited well-developed cryoturbation features. The layer of gravel 
encountered in a depth of 1.5 m probably corresponds approximately to 
the maximum active layer penetration which has occurred since deglaci- 
ation. Between the depths of 1.5 and 8 m, a dark grey silty clay 
containing some gravel sizes was encountered. This material included 
several thick ice layers, and very high ice contents were logged in 
the 6 and 8 m depth interval. Between 8 and 10.5 m, sampling revealed 
an ice-rich stratified sand which contained sedimentary structures 
indicative.ot slumping. Below 10.5 m, *agstony clay similar to that 
logged between 1.5 and 8 m was encountered. The borehole was terminated 
at a depth of 12.5 m when the core barrel met refusal on a cobble. 
Pertinent geotechnical and classification index properties have been 
summarized on the borehole log. Figure A.16 presents plasticity 
characteristics for the soils encountered at this site. Once again, 
the data points parallel the A-line, with the exception of those 

which contained organic material. Moisture content and frozen bulk 
density data presented in Figure A.17 follow the same trends exhibited 
by core taken from the Fort Simpson and Norman Wells sampling sites. 
Once again, there is strong indication that many fine-grained permafrost 
SOLIS sexist In Situ injaacunsaturated state. Aalextural scharacteristics 
for these soils are summarized with several grain size curves that 

are presented in Figure A.18. Photographs of typical sections of 

core from this profile are included as Plates A.16 through A.21. The- 
highly disturbed structure observed on these cores and generally high 
liquidity indices suggest that much of this profile may consist of 
soils which have been reworked by thermokarst processes. Permafrost 
aggradation into sediments which have slumped at the perimeter of a 
migratory thermokarst lake may explain the unusually high liquidity 
indices encountered in this borehole. 

X-ray diffraction analyses were performed on representative 
samples from all of the sampling sites described in this thesis and 
the results are summarized in Table A.1]. These data document an 
essentially uniform mineralogy for glaciolacustrine sediments sampled 


along the valley. 
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ASS UMPROVING SITE INVESTIGATION TECHNIQUES 


In summary, the sampling techniques which were employed to 
obtain core used in these laboratory studies consistently involved 
use Of the CRREL core barrel. Plate A.22 shows a hand-operated, 
motorized coring arrangement. Although two men were required to use 
the unit, it was capable of obtaining a large quantity of undisturbed 
core characterized by only slight mechanical breakage. This was 
accomplished at a relatively low cost. By way of comparison, core 
obtained with the heliportable 'Ranger' drill shown in Plate A.23 
suffered considerably greater mechanical breakage, and resulted in 
costs which ranged from 5 to 7 times those incurred with the post- 
augering unit. A more detailed view of the modified CRREL core 
barrel, cutting teeth, and helical fliting is shown on Plate A.24. 
Upon completing the sampling, it was recognized that coring with 
equipment of this sort resulted in significant but unavoidable 
amounts of mechanical breakage of core. This had the effect of 
biasing moisture content and frozen bulk density data by destroying 
some of the thicker ice lenses. Deficiencies in this regard have 
been discussed in Chapters VI and VII. 

Of the various techniques available to determine the distribution 
of ice in frozen ground, soil sampling with the subsequent laboratory 
analysis of core has been the most common method used for engineering 
purposes. This process is time consuming, costly, and often yields 
data which are not representative. If experience gained in other 
geosciences can be applied to overcome some of the deficiencies 
encountered in logging permafrost, it seems reasonable to speculate 
that correctly interpreted geophysical logs might find beneficial 
application in many field programs. They could be used to reduce 
future drilling costs by guiding the location of boreholes and 
enabling vertical and horizontal extrapolation of data derived from 
undisturbed samples. 

Geophysical logs can be interpreted to determine lithology, bulk 


density, and moisture content. Keys and MacCary (1971) have 
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presented a detailed summary and objective appraisal of the applica- 
tion of borehole geophysics to the applied earth sciences. Specific- 
ally, a feasibility study described by Keys (1968) demonstrated that 
valid geophysical logs can be made in boreholes drilled in permafrost. 
He has suggested that properly made togs can be interpreted in terms 
of bulk density, organic content, moisture content, and the location 
of ice segregations. Numerous recommendations were made, including 
one that logging should be done with enclosed research equipment to 
permit wider climatic latitude for operation, thus reducing the drift 
caused by environmental temperature fluctuations and their effects on 
both the instrumentation and subsurface probes. A stable power 
generator is required for quantitative work. McKay and O'Connell 
(1976) have described field techniques and results obtained using 


logging instruments specifically designed to measure density in situ, 


in lieu of determining core densities in the laboratory. They conclude 
that the response characteristics of a scattered gamma ray logging 
tool are well suited to the measurement of relatively low permafrost 
densities cand’ heescontents (indsitu. hei neresults ‘demomstratexthat 
nuclear density logging is an accurate and economical method of 
obtaining continuous density profiles in permafrost soils. Records 
from boreholes drilled on the MVPL test site near Inuvik in 197] 
indicate that geophysical logs of density and ice volume were in 
reasonable agreement with data obtained from the analysis of core in 
a laboratory. Another study of borehole density logging and permafrost 
has been reported by Hunter and Viellette (1976). They performed 
shallow, dry-hole drilling on the GSC geophysical control site near 
Tuktoyaktuk. Six holes were logged to a depth of 9.5 metres and 
gamma-gamma measurements conducted at intervals of 0.15 metres (0.5 
feet) up hole resulted in good correlations between the count rate 
and-icescontent.° A stratigraphic resolution of better than 0.5 
metres (1.5 feet) was obtained. 

Some boreholes on the Norman Wells (MVPL) ice variability site 
were logged with nuclear equipment. Figure A.19 shows a comparison 


between density profiles obtained from direct measurements on 
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permafrost core, and a continuous density profile obtained using 
geophysical borehole logging techniques. It can be seen that reason- 
able agreement was obtained. In Figure A.20, a comparison is shown 
between density profiles obtained with the MVPL nuclear logger and 
undisturbed core obtained from a borehole drilled nearby (this 
study). Although there is considerably more scatter in this data, 
trends for density change indicated by the nuclear log follow the 
same trends exhibited by laboratory core densities. These particular 
nuclear logs were obtained with small and portable equipment, and are 
therefore affected by deficiencies normally associated therewith. 
Figure A.2] shows a more complete suite of logs obtained from a 
borehole drilled near Fairbanks, Alaska. Here the gamma-gamma log 
clearly shows interstratification between silt and thick layers of 
segregated ice. The resistivity log shows similar characteristics. 
It could be argued that even if the borehole logging results could 
not be used quantitatively, they do provide an extremely valuable 
means of assessing the relative amounts of soil and ice encountered 
in profile. There is little doubt that this technique could be 
advantageously used to extrapolate data across a site where numerous 
boreholes were being drilled. Having some core densities to check 
the downhole logging results provides an opportunity to use the 
geophysical logs in a quantitative sense. The results of the studies 
cited above indicate that a single point resistance log could probably 
be run to-check stratigraphy and give a preliminary indication of the 
locations of excessively ice-rich zones. Supplementing this qualitative 
information with water content and density logs determined using 


neutron-neutron and gamma-gamma probes respectively, in situ profiles 


of bulk density and water content could then be obtained to complement 
the preliminary stratigraphy. High degrees of accuracy are obtainable 
if certain conditions can be met, a particular one being that hole 
diameters should not vary. Dry auger holes produced by a CRREL core 
barrel are thus ideally suited for borehole geophysical tools. One 
drawback to this sort of system is that to obtain large sampling 


volumes requires the use of high energy radiation sources. 
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In obtaining representative moisture contents in the laboratory, 
very few difficulties are usually encountered with soils which contain 
thin stratified cryogenic structure. However, if the soil contains 
thick irregular ice lenses or reticulate structure, it becomes 
necessary to take numerous specimens or large volumes to obtain 
accurate and representative water contents. Litvinov (1966) has 
given several recommendations for the overall moisture content of 
frozen ground containing thick ice lenses or reticulate cryogenic 
structure. Relationships derived by him make it possible to relate 
volumetric ice contents logged in the field to moisture contents 
determined in the laboratory. Thus, when field ice content logs are 
in question, laboratory moisture content data can be used to check 
them. The opposite is also true if there is some uncertainty whether 
the samples selected for moisture content determination in the laboratory 


were truly representative of the bulk material encountered in situ. 


Comparative checks of this sort are recommended so that some confidence 
can be developed in the accuracy of volumetric ice content logs 
obtained under field conditions. There is little question that more 
detailed core logging procedures and geophysical tools developed 
specifically for site investigations in permafrost are both required. 
However, a detailed treatment of the entire topic is beyond the scope 


Olssenis thesis. 
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TABLE A.} SUMMARY OF X-RAY DIFFRACTION ANALYSES 
CONDUCTED ON CLAY FRACTION (< 2n) 


a Hon SS ES 


SSS 
DEPTH MINERAL IDENTIFIED 
SOURCE OR ILLITE KAOLINITE CHLORITE MONTMOR- QUARTZ CALCITE 
LOCATION ZONE ILLONITE 
MOUNTAIN RIVER S M A T A A 
RIVER BANK (S) (W) (T) (M) 
FORT ~ ay) S W i i Fe A 
SIMPSON 
LAND~ i? S W 1 15 P A 
SLIDE ZO S W A A p A 
Z4 S W 1 T P P 
Z4 S W-M ir i Pp P 
NORMAN 1. 8m S M W A P A 
geo ee W-M T A P A 
6.1m S M T, rt p A 
8.7m S S T A P A 
9.9m S M T rT P A 
12.3m S S W A P A 
NOELL 1.8m S M A ii P A 
LAKE 
ere 5.0m S M T ‘i P A 
Im S M 1 W P A 
10. 7m S M 7 T P A 


Analyses performed by Alberta Research Counci ] 


2 Amount of mineral present indicated by the relative intensity of 
peaks on the trace, includes both width and height of peak 
A - Absent, background only 
P= Present 
T - Trace, mineral distinguished 
W - Weak, peak small in width or height but clearly distinguished 
M - Medium, well-defined peak 
S - Strong, dominant peak 
3 


Other analyses performed on the same material by Dr. S. Pawluk indi- 


cated a larger quantity expandable mineral present as interstratified 
hydrous mica - montmorillonite. Alternate results are shown in brackets. 
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FLITING IS 1/16" x 1/2” STAINLESS TUBING 


_- CUTTING FOOT TO = 
~~ 1/4" WALL THICKNESS 


ATTACH EITHER CUTTING z STRIP WELDED ONTO 
SHOE OR TEETH AS REQUIRED STAINLESS STEEL TUBING 
(OETAILS ELSEWHERE) (10%" LEAD) 
eas 
6 OVERALL 
DIAMETER 


3/4” DIAMETER 
HOLE FOR 
DRIVE BOLT 


‘\ 
1/4” DRILLED ) \—— Y 
AND TAPPED 3" 
\ 1/2" STAINLESS 
40” OVERALL LENGTH RS Godlee 
Figure A.] Sketch of modified CRREL auger core barrel used in 


sampling operations 


Sturdy Latch 
With Facility 
for Locking 


Lid and Box Lined 
With 3 in Thick 


High Density Urethane 
Insulation 


Lid Restraint 
Chain 


Box Constructed 
of % in Thick 
Waterproof Plywood 


Multiple Hinges 
Secured with Bolts 


Handles 


Markings as 
Desired 


Metal Reinforcing 
Bands . 


2 x 4 Bolted to 
Box Bottom 


Insulated core box used for field storage and transport 


Figure A.2 
of permafrost samples 
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DEPTH SOIL LOG DESCRIPTION GROUND 
(approx. 40 m above ICE LOG 
river level) 

1 & |— Medium brown sandy |— Thawed at time i a 
eS Ee tm silt to sandy clay of sampling 3 
MO) SSeS 
> 2e 2 > — Organics in top 20 cm |— Quite dry 9 = 
(ay 3443 SA — Rootlets throughout =38 
IN) Ske : ara) 
ao ay — Active layer depth a 
F = Oct. 23, 1973 ei 
5 z + = = 
= . — Brown to grey-brown |— Fine, predominantly 
. 5 2 silty clay with sand horizontal ice 
N $5 = din 
3 a2) st tepid — Lenses average 
Wo» c /\— No bedding apparent 2 to 3mm thick at 
See gs V/A) 
©, Gee lh A— Contains few sticks Tem spacing 
N s g ro) and sand lenses — 15 to 20% ice 
eo Ge ‘|— Appears to be highly segregated by volume 
a ee disturbed — \cey at contact 
= — + 
10 — Grey brown to dark — Uniformly distributed 
grey, uniforrn silty ice in reticulate 
clay structure 
$ — Thick bedding — Principal veins are 
1 we a occasionally discern- quite clear vy 
w = e able. — Sub-vertical and | 
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Figure A.6 Log of typical headscarp section exposed at the Fort 
Simpson landslide (October, 1973) 
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Figure A.7 Plasticity chart tor sols from the Fort Simpson land: 
slide headscarp sampling site 
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Figure A.9 Grain size curves for=soils from the Fort Simpson land- 
slide headscarp sampling site (MIT scale) 
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Figure A.14 Grain size curves for soils from the Norman Wells (MVPL) 
sampling site 
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Plate A.2 Headscarp sampling site, Fort Simpson landslide 
(October, 1973) 


Plate A.3 Headscarp sampling site showing contact between Zones 
2and 3 (October, 1973) 
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Plate A.4 Zone 3 structure exposed in vertical section, lens cap 
for scale (October, 1973) 


Plate A.5 Zone 2, horizontal core (10 cm diameter) 
Plate A.6 Zone 3, horizontal core (10 cm diameter) 


Plate A.7 Zone 4, horizontal core (10 cm diameter) 
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Borehole NW2, 1.03 to 1.34 m (10 cm diameter) 
Borehole NW2, 1.83 to 2.07 m (10 cm diameter) 
Borehole NW2, 3.66 to 3.90 m (10 cm diameter) 


Borehole NW4, 5.82 to 6.00 m (10 cm diameter) 
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Plate A.12 
Plate A.13 
Plate A.14 


Plate A.15 


Borehole NW2, 7.92 to 8.12 m (10 cm diameter) 
Borehole NW2, 8.17 to 8.38 m (10 cm diameter) 
Borehole NW3, 10.45 to 10.67 m (10 cm diameter) 


Borehole NW3, 11.89 to 12.13 m (10 cm diameter) 
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Plate A.16 Borehole NL2, 0.64 to 0.92 m (10 cm diameter) 
Plate A.17 Borehole NL2, 4.26 to 4.39 m (10 cm diameter) 
Plate A.18 Borehole NL2, 6.55 to 6.71 m (10 cm diameter) 
Plate A.19 Borehole NL2, 7.50 to 7.62 m (10 cm diameter) 
Plate A.20 Borehole NL2, 9.45 to 9.69 m (10 cm diameter) 


Plate A.2] Borehole NL2, 10.97 to 11.21 m (10 cm diameter) 
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Plate A.22 Modified CRREL core barrel driven by gasoline-powered 
post-augering unit 


Plate A.23 |. Heliportable ''Ranger'' drill equipped with hydrostatic 
drive (Mobile Augers and Research Ltd., Edmonton, Alberta) 


Plate A.24 Closeup view of modified CRREL core barrel and cutting 
teeth 
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APPENDIX B 
LABORATORY EQUIPMENT AND PROCEDURES 


B.1 SAMPLE STORAGE AND PREPARATION 


Sealed core boxes which contained samples returned from the 
field were stored for extended periods of time in cold room facilities 
without noticeable sample deterioration occurring. The successful 
storage over long periods was probably due in part to the fact that 
these samples had been packed with snow prior to sealing the lid. 
Some cores were stored for periods as tong as six months before 
testing was commenced, and when opened, showed no discernable signs 
of desiccation. Untrimmed core stored in domestic deep freezes was 
packed in a simitar manner with ice chips and snow. By making sure 
that the plastic sleeves fitted tightly and that each sample was 
packed in snow or crushed ice, it appeared that sublimation could be 
totally prevented. 

When preparing sam ing, it was essential to handle 
them with gloves to prevent damage that would otherwise be caused by 
localized thawing. it was found that room temperatures ranging 
from -5 to -8°C were best suited for maintaining workability and 
personal comfort while machining the specimens. The cores were 
rough-cut with a band saw, and a rotary diamond saw with a table 
guide was usually used to trim the ends. Cutting plastic soils with 
this device was difficult since cuttings built up on the saw blade 
and sometimes generated enough friction to stall the motor. The 
diamond saw was extremely effective in coarse-grained or pebbly 
soils, and also cut «through highly ice-rich material quite well. In 
these soils, cutting proceeded rapidly, and it appeared that friction 
actually caused the diamond blade to melt, rathei’ than cut its way 
through the core. 

After being rough-cut to the required dimensions, cores were 


usually prepared for testing by turning them down on a small soil 


Jathe which was designed specifically for that purpose. Plate B.| 
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illustrates the equipment used to trim permafrest core in this 

study. The lathe was fitted with a tungsten carbide cutter that was 
shaped to have a minimum 45° back clearance. A rounded cutting face 
appeared to give the best results. Rotational speed-on the lathe 

was adjusted by trial and error to accommodate the specific character- 
istics of the material being worked. Ice-rich samples would only 
tolerate thin cuts being taken on each pass, since deeper cuts 

Caliseu" tne tce to -shatteror Spall] “In«dense, plastic soils, cuts 

of up to 0.25 centimetres (0.1 inch) could be made without adverse 
effects. Once the designated diameter had been obtained, the sample 
was rotated slowly by hand and sprayed with a fine mist of water to 
build up a thin, even coating of ice. This film of ice retarded 
sublimation during storage and could easily be removed prior to 
testing. Between preparation and testing, the samples were stored 

in sealed, evacuated, double plastic bags. The bagged samples were 
then immersed in snow or ice crystals and placed in a commercial 

deep freezer operating at a temperature of approximately -10°C. 
Observations on samples stored for periods exceeding one year indicate 
that the methods described above held sublimation within tolerable 
limits. Several passes with an overhead miliing machine were taken 
to face the ends off square. A four-point cutter with tungsten 
carbide inserts was turned at approximately 400 rpm, and successfully 
cut through all of the specimens, even including those which contained 
pebbles. This same machine was used to prepare samples for the 
direct shear tests and is shown on Plate B.2. Baker (1976) has 
described other methods for transporting, storing, and preparing 
permafrost samples for laboratory testing. He has also presented a 


more detailed discussion of the process of sublimation. 
B.2 LABORATORY EQUIPMENT, PLANT AND INSTRUMENTAT EON 


Severa! plates have been included here to i!lustrate the pieces 
of laboratory apparatus employed in the research work described in 
the body of this thesis. Plate B.3 shows the direct shear apparatus 


that was used to study shear strength in the frozen soils. The 
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hanger assembly applying normal load, an LVOT measuring vertical 
deformation, and coolant lines running to and from the shear box are 
all clearly visible. The isotherma] confined creep apparatus is 
shown on Plate B.4. The load frame and Bellofram air cylinders are 
seen applying axial load to the sample through a steel ball and load 
ram. Cooling coils and coolant lines can also be seen. At the 
extreme right of the photograph are segments of insulation which 
were normally fitted around the creep cells. The insulated cabinet 
which surrounded the cells throughout each test is viewed in this 
photograph with its front removed. Plate B.5 illustrates the permode 
with a residual stress test in progress. This photograph shows the 
lines circulating warm water through the load cap and base, a hanger 
applying vertical load, an LDVT measuring vertical deformation, and 
a pressure transducer measuring pore water pressures at the sample 
base. Prainage lines are connected te @e burette, and wires from the 
LDOVT and pressure transducer jead away to the data acquisition 
system. Plate B.6 shows a triaxial test in progress on a thawed 
permafrost core. knstrumentation consisting of an LBVT, load cell, 
and pore pressure transducer are ail visible. The control] board 
with its air pressure regulators, volume change indicators, and 
valving for the various cel! pressure and drainage lines can be seen 
on the left side of the photograph. 

Throughout the course of each testing program, frequent calibra- 
tions were performed on each piece of instrumentation that was used. 
Pressure transducers were checked by measuring precisely determined 
water heads which were maintained in the laboratory. LVDT's and 
load cells were calibrated at temperatures corresponding to those 
which would prevai.l.as ambients during the testing. Whenever instru- 
ments were moved from cold to warm environments, they were sealed 
inside a plastic bag which then protected them from adverse effects 
which might have otherwise resulted from condensation. Power supply 
voltages in the data acquisition system were also checked at regular 
intervals. Moving pressure transducers in and out of a cold environ- 


ment was avoided in al! cases since it was recognized that this sort 
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of abuse would accelerate the deterioration of strain gauge bonding 
on the transducer diaphragm. Therefore, a small plug was inserted 
in the transducer block during test set ups in the cold room. This 
plug was later removed and replaced with a pressure transducer once 
the apparatus had been warmed up to room temperature. 

Figure B.! presents a 7 day record of temperatures measured at 
4 different points in the isothermal creep apparatus. A thermistor 
placed in the temperature-controlled refrigerated bath indicated a 
maximum fluctuation of 6.05 C°. Room air temperatures fluctuated by 
nearly 2 C° and were significantly affected by the brief cold room 
defrost cycles which occurred twice daily. A third thermistor was 
placed inside the insulated test chamber, but outside the creep 
cell. It indicated a damped temperature record that followed room 
temperature fluctuations quite closely. The combined effects of 
fluid circulated from the bath and additional insulation placed 
around the creep cell were able to keep temperature fluctuations 
measured adjacent to the test sample within approximately 55, Obl GO 
Although the room was lighted with florescent lamps, it can be seen 
that leaving the lights on for an extended period of time haa a 
noticeable effect on the room temperature. This temperature record 
provides some indication of the problems associated with achieving 
acceptable temperature control in long term tests. Results obtained 
in this study suggest that the technique of placing thermally sensitive 
tests within an insulated test chamber, and using forced circulation 
of temperature-controlled fluids is capable of maintaining nearly 
isothermal conditions over extended time periods. Providing for 
high capacity flow from the refrigerated baths and including targe 
heat exchanger coils are important elements of this procedure. It 
is also essential to include maximum amounts of insulation and 
ensure that metallic components in the apparatus are thermally 
isolated from parts of the testing frame which extend cutside the 
isolation chamber. It may also be avantageous to operate the refriger~- 


ated bath within a cold room where better overall temperature control 
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can be obtained. The fact that several occasions of mechanical 
failure of the refrigeration plant were encountered during the 
course of this research stresses the importance of providing a 
temperature alarm system for each cold room. An investment of this 
sort is easily justified when the costs associated with obtaining 
undisturbed permafrost core are determined, especially when the 
difficulty associated with replacing it its taken into consideration. 
Similar steps are probably also warranted with individual long term 
tests. Baker et al. (1976) have discussed various aspects of 
geotechnical cold room eperation and design in considerably more 
detail. 

Since thermistors have the property of being ultrasensitive 
resistors, their resistance-temperature characteristics are extremely 
nonlinear. This nonlinearity necessitated the use of a buffering 
circuit (shown in Figure B.2) to linearize the output obtained from 
Atkins type 3 thermistors which were excited with a constant voltage 
power supply. The thermisters used in this study were linearized 
over a harrow temperature range that was of particular interest in 


the laboratory programs. The Atkins type 3 thermistor has a resistance 


Nn 


of approximately 5870 ohms at +20°C and 516800 ohms at ~20°C. Resistors 
used In the circuit shown in Figure B.2 are summarized as follows: 

Rt} = 6000 ohms 

R2 = 9760 ohms 

R3 = 9760 ohms 

R4 = 50000 ohms 

R5 = adjustable, 2000 ohms maximum 

R6 = 3000 ohms 

R7 = 48000 ohms 

R8 = adjustable, 5000 ohms maximum 

A power supply was used to provide a constant six volt excita- 
tion to the bridge. Output was measured with a digital voltmeter. 
It can be seen that resistances 5 and 6 must be adjusted to equal 
the resistance of the thermistor at +20°C. Resistances 7 and 8 are 
then adjusted to equal the resistance of the thermistor at -20°C. 


All of the thermistors used in the study were combined with a linear- 
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izing circuit that was adjusted in this manner, and each was 
calibrated against a digital quartz thermometer. Closely matched 
results were obtained which permitted using a spline function 
interpolation routine to generate a universal thermistor calibration 
curve. This curve was then tabled with the computer and could be 
called upon during data reduction to convert recorded voltages to 
temperatures. “The! linearization circuit also had a built tn cali= 
bration test so that small changes in electronic conditioning could 
be compensated by adjusting the 1000 ohm variable resistance located 


at the extreme left of the circuit. 
B.3 SCANNING ELECTRON MICROSCOPE STUDY OF MICROSTRUCTURE 


A Cambridge scanning electron microscope (SEM) was used to 
conduct a brief microfabric study of some of the different soi] 
types encountered in the laboratory program reported in the body of 
this thesis. Several plates have been included which i!lustrate 
some cf the typical features observed in the course of 
study. Specimens were prepared for viewing by first freeze-drying 
them. Fractured surfaces were conditioned by coating th 
epoxy and peeling the face once the specimen had been mounted on a 
stud. Specimens containing shear planes were handied carefully to 
minimize disturbance to any oriented fabric which might be present 
along structures which had been induced during testing. 

Plate B.7 is a vertical view of a shear piane that was removed 
from one of the direct shear specimens described in Chapter III. 

The scale on this and all of the other scanning electron micrographs 
has been indicated in the upper left hand corner of each plate. A 

high degree of orientation is apparent, and the clay mineral species 

of illite and kaolinite can be identified. Photographs taken in 
vertical sections through this and other shear planes revealed that 

the zone of highly oriented and compressed fabric was restricted to 

a thickness of 10 to 20 microns below the surface viewed here. 
Photographs with a lower magnification revealed well-defined striations 


and stickensides on the shear plane. 
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Pilate 6.8 shows fabric exposed on a typical vertical section in 
glaciolacustrine silty clay from the Fort Simpson landslide headscarp. 
This particular sample was taken from Zone 4. Vertical runs from 
the upper right to the lower left hand corner of the photograph. 

This plate shows a strongly dispersed structure characterized by a 
particularly high degree of plate parallelism which approaches 
completely preferred orientation. Some textural stratification can 
be discerned on a targer scale. Fabric in this material ranged from 
being strongly dispersed as shown here, to turbostratic with particle 
orientation generally paralleling the bedding planes. Most of the 
mineral particles on this plate are viewed edge-on. 

On plate B.9, several silt-sized units can be seen, and it is 
apparent that these consist of compact aggregates of discrete and 
identifiable ciay mineral particles. This condition is consistent 
with the fact that these sediments were glacially eroded from Cretaceous 
shales in the Fort Simpson vicinity, and were subsequently deposited 
in a glaciolacustrine environment after being transported over a 
relatively short distance. Distinct silt-sized particles were 
discerned only in material that was sampled from Zone 2. All other 
silt sizes consisted of aggregates of clay particles. 

Plate B.i0 shows typical fabric from the stratified silty clay 
sampled at the Norman Wells site. Structure visible here is quite 
Similar to that observed with the Fort Simpson material and tends to 
be mainly turbostratic. Once again, very few discrete silt grains 
were identified. Gn this sample, vertical runs from the upper right 
to the tower left corner of the photograph. Plate B.11 shows similar 
material, but includes a piece of organic material. The diagonal 
linear feature is probably part of a piece of grass or a root filament. 

Plate B.12, shows very compact fabric which was observed in a 
dense piece of till extracted from the Noell Lake profile. The 
photograph orientation is approximately correct, and it can be seen 
that the particles exhibit a strong preferred orientation. The 
dominant factor in producing this structure has probably been the 
extreme degree of compression produced by overburden stresses during 


glaciation. Small pebbles included in the till were also examined 
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and exhibited mineralogy that was similar to the matrix soil. As in 


all of the previous plates, distinct silt sizes were seldom observed. 
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Figure B.2 Circuit for linearizing output signal from thermistor 
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Direct shear apparatus 


Plate B.3 


Isothermal confined creep apparatus 


Plate B.4 
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Plate B.5 Residual stress test in progress showing permode and 
associated apparatus 


Plate B.6 Triaxial test in progress showing cell and associated 
apparatus 
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Vertical view of shear plane in frozen soil 


Stratification and typical fabric, Zone 4, Fort Simpson 
sampling site 


Aggregates of recognizable clay minerals making up silt- 
sized grains 


Typical fabric in laminated silty clay, Norman Wells 
(MVPL) sampling site 


Organic inclusion in silty clay, Norman Wells (MVPL) 
sampling site 


Compact fabric in dense silty clay, Noell Lake sampling 
Site 
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SUMMARY OF LABORATORY TEST DATA 
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TABLE C.1 SUMMARY OF DATA FROM DIRECT SHEAR TESTS, FORT SIMPSON 
LANDSLIDE HEADSCARP SAMPLING SITE (ZONE 4) 


TEST FROZEN WATER NORMAL PEAK OILATANCY SHEAR DISPLACEMENT AVERAGE REMARKS 
BULK CONTENT STRESS SHEAR AT PEAK ZONE 1 RATE TEMPERATURE 
DENSITY 2 STRESS THICKNESS 
(Mg/m* ) (%) (kN/m*) (kN/m* ) (%) (cm) (cm/day) (°c) 
FS~O1 1.95 26.7 252 236, 1.10 1.8 8.3 x 10°? -1.40 Single vertical lens, 0.2 cm 
308 thick 
FS-02 1.98 25.9 131 240 0.20 ee 9.2 x i -1.40 No segregated ice 
165 
FS-03 1.8) 24.9 49) 361 0.20 1.0 9.9 x 10“ -1.4¢ Very thin, randomly oriented 
301 lenses 
. -2 
FS-04 ee ee $0.2 36) 374 0.0 1.3 S26 ex 110) = -i 45 Oblique diagonal lens, 1.5 
313 to 2 em thick, soil inclusions 
FS-05 }.89 26.8 667 47] 0.30 havi 10.4 x 10 ¢ -1.40 0.9 cm vertical lens intersect- 
370 ing corner; otherwise, thin 


random lensing 


FS-06 1.86 3100 93 3 274 0.20 1.6 9.8 x 10. ~1.40 Very thin, randomly oriented 
(221) WS lenses 
FS-07 1.95 25.1 4sé 396 -0.10 teat 2.9 x 10°! -1.40 Hairline lenses, oblique; 
319 1.0 0.6 cm lens intercepting 
245 corner 
FS-08 1.96 32.4 218 26) 0.30 1.0 ZR OEX 10! “1.45 Continuous 0.3 cm vertical 
246 1.8 lens running diagonally, soil 
261 inclusions 
219 
FS-09 193 30.0 3706 376 0.0 Noli 1.8 -1.60 Thin, randomly oriented 
268 lenses, reticulete structure 
232 
FS-10 1.88 31.2 311 394 0.55 0.8 1.9 -1.45 Adjacent to £5-99, vertical 
233 0.2 cm lens and other thinner 
200 ones randomly criented 
163 
184 
148 
Fs-il 193 25.0 370 495 0.15 0.9 2.0 -1.66 Very thin, subvertical 
324 lenses concentrated on one 
- side 
FS-12 1.95 26.8 129 359 1.10 1.0 1.9 -1.45 Single oblique lens, 0.1 
195 cm thick 
149 
104 
FS-13 1.76 37.4 609 408 -0.05 0.9 S0mx 10°! -1.50 Sub-vertical lense running 
319 from corner to corner, 
229 thickens to 0.8 cm near 
the top, soil inclusions 
FS-h 1.88 35.8 133 286 -0.05 ey Siasy bs io! 1.45 Oblique diagonal lens, 
240 6.3 cm thick 
FS-15 1.97 26.2 667 517 0.35 10 1.9 -1.40 Massive, no segregated ice 
(903) 505 visible 
386 
368 
sys «33M 
FS-16 1.95 26.8 192 333 20 lio i.8 -1.36 As above — 
291 
267 
289 
277 
289 
27) 
290 


l Shear zone thickness estimated from shear structures visible on longitudinal, vertical section of specimen examined after the test had 
been completed. 


Indicates peak shear stress mobilized in second and subsequent cycles of shear. 


5 Normal stress increased at the midpoint on the second cycle of shear (after first shear box reversal). 


bay 


~~ s- 


‘at cane wt vetts medians 


== er a 


aie TosHIGe Aaah ’ 


>. ona ae ne a0 Me ‘sat Z, 


Pe. = > eae * LS STE 
aw wale be \ 


wr oe, ‘ont 


f *, * Asaead Peng oe igs a 7 
7 c- lie mk iateliteaian 
oh, my ah ie oe oe a ; ° a inaeendl ww 
va whet oi 
aera 
* é 
4 trae a 1. 
ry 
4f atm oe 4 3 mm & 
ree : 
1? 
| i ag is ) 
' « 
; a "ha be ary) 
' e'§ “ 
ed 
i ‘ oy & 
al 
n¢ ' 
at ei ui 
og 
« 
i a | 30 
’ oF. 
‘ 
‘ q ve 
é * 
° 
-. 
' J iv 
fe 
“=< 
a 
oe wo 
~ at ‘¥ - 
+ 
ee oe 
a 04 of 
- ke T 
=e ae +e Py SH i 
wait y : 
6 ? 
a¢ 
ee ee 


an a 


> #an 


4O3 


ae SS 


2 
eee 
i TPS 24 
| x, i 
| at aS 
pnt eae 
| | 
| | 
Fee 


Sor Gge O28 O83 Ove COS O8f det 


Cd? SSFYLS SHS 


oS 


ov 


<2 


ie! 
él 
HORZ DEFM (CM) 


————+ 
2-4 


+ 


to 


a 
—— 
ie 
aoa 
ai 
Nx 
| 5 
: = 
ieee a 
a lf 
- 


(WI) W430 LYar 


4 
HORZ DEFM (CH?) 


| 


Ye = aes) g/m? 


tt pt 
SS 
i RN A le alee ; 


8*9 oo $*0- Ov 5- CDi Gr a- 
(3 Sa3N30) dW3L 


© 
° 
wo 
a 
~ 
(=) 
7 
~+ 
= 
NO 
Oe 
= 
Ww 
tu 
Q 
~ 
"SN 
SO 
Da 
2 
© 
“ 
a 
4 
i 


testeto-0! 


shear 


Direct 


Figure .C.1 


n 


oe 252 auc 


: ~~ (|. 4 
es a 

A 

al 4 

a if 

J 


ae ae 
Trae 


hoy 


Bt es ——-+ th pe 
st ae | 
am \ 
~ "7 | 
(oul A /* 
all i ‘ 
NS 

mn / . 
al x 
oe x 
al ; | 
«| | p 

ail p Sk | ea 

ol! : * a-* 

1 Ty x—u— 

ae \ / g 

L = : 

3) SSS apa + fo i 

0.0 a.5 1.6 TS 2.0 2.5 3.0 3.5 
- HORZ DEFM (CM) 

= +— + + + + + 


«197 


0.08 
A 
iL 
4 x 
< 
< 
S 


— 


VERT 
-0.08 


DERMeGCM? 
oF tafe) 
i 
| 
{ 
i 
| 
| 
| 
| 
| 
it 


2 | 
4 a= s oa ae = mL aos Lia Saree al = 4 aloe 7 
0.09 0.50 1.00 1.50 2.00 2.56 3.00 50 
HORZ DEFM (CM) 
Q ye a 
o 
| 
3 
io 
io? | 
re 
a 
~) 
Ww 
Qa 
: 
a | 
; ; S | 
8 ei PAA nae F 
¢ CR | rl eS = | 
« 1.0 1.5 2.9 2-5 3.0 3-5 


HORZ DEFM (CM) 


Figure Ci-2 Direct shear test FS-02 


2 ie 13] vias Mee 1.98 g/m? 


ay a ae 


‘ : ee Te ae 
elaine eatin i Sica. a. Ei, oS Aan al 


4O5 


a ee et 


ets 
t 
| 


See es 


FM (CM) 
a rs 


+ - — - +4 


= 
S53) 5) } 
13 sa 
> — 
oe ; tal ee ti 
\ Pree Qa £. ie mi x | Qa : 
oe iS x7 * 2 —— 2 
ee eae hee] | af. a eat —— o 
x i‘ | 
fe | x= A = | 
a J i H 
Bs = x S} 
ae ~“ T / 1s 
SS / | 
“ » ‘| | 
eae a ‘2 
ac Pa at 
ieee : st | 
a a > o oe ° 
a ° Nae ey rel eee , ae ° 
0e2 Org 002 ost oat oa or G vo°o ritha') oo*o 20° 0- #0? 0- 80°0- 
(d3dh) SS3YLS YHS (W2) kd30 LYsA 


(CH) 
hg] N/mm Ye = 1.81] Ma/me 


HERZ OEFM 


Direct shear test FS-03 
n 


0 


Piguue €.3 


an ee 


"4 ee ieee. a 
z * 
e 
’ 


he 
hry 
Pr ¥ 
=é * 
; >< 
7 ; « 
> . « 
"et 
a ~ 1 on 
. 
“. 
hs é i > 
a OO en HERE OH 4 saieieeied 


¥. 
> 
¥ 


a ee. a 


Figur 


SHR STRESS (KPRY) 


VERT DEFM (CM) 


OG 


240 


200 


160 


a 
or | 
T 
| 
/ 
a r 
% 
+ 
4 
| 
+>—+>—___+—__+—__+—__ +} _+__ > _, 4 


2 +h ————+-—___- + SS —+ — 
0.0 6.8 1.6 2.4 3.2 4.0 8 5.6 

5 HGRZ DERM CCH) 

u —E ee ee ——~——++}- ———-- 

o 

5 

' 

n 

3 

? 

La) 

8 

e 

‘ 

” 

£ 

? 

< 

S 

fae i 
0.90 0.6 1.6 4 3.2 4.0 4.8 5.6 

HORZ GEFM (CM) 
LJ 


ae +--+ — — + - ae 


é : 
: | 
= \ | We i ; 

po 

‘| Mb ae eee 

0.0 0-8 1.6 2.4 342 4.0 4.6 &.6 
HORZ DEFM (CM) 
e C.4 Direct shear test FS-04 


3 


na 369 Tae Nee 1.77 Mg/m 


Sas Lats pa 
ee 


i 
pipes 


ery Sy Te 


e —— di ae Re ee 


a. 
oo 


4O7 


HERZ DERM CCM) 


oc 
+—+—__+—_+—+4 a a oe a 3 toe amnion aags aaa  aee ee Sac eae 
| 
| lier 
H | 
} 
2 » = 
ie F {3 
| | | 
4 | | 4 
i=) Cc 
a i ys ie 
| 
| 3 | 
+ J = 
Oo 4 moO a Nn 
ar | te ~ itor? i = nm 
=x Py 
w <i i - 
WwW 
=) | J q ¥ Ee. 
& | | zc ioe 7 = is 
=) i oO / 
= os | he x = 
| | 
| “| : a 
| | ome 2 
| f | 
| Li 
| = 4 
si 3 : ee 
ue GIG cee ee Papen tetire= es 
+ + + ee 
sos osy oor ose Obe osz 002 ost oot 63 i?) gc°0 vorG 00°o $0°0- ec°0- Zi*a- s‘o oo s*0- GF t= C13) 4 ore- 


(hdd) SS38lS YHS ; (WI) WA30 LUBA {3 $334¥950) dW3i 


ve 1.89 Mg/m? 


test FS-05 


a, = 667 vn 


Direct shear 


= 
ee 
| 
' 
| 


i a ™ th 


<Secsnectins ee 


ee 


hog 


oO 
s : a \ { 
Q 
cy 
SHEAR STOPPED, SAMPLE 
o 
a “CONSOLIDATED TO G,= 221 KPA 
o 
& 


240 
_ 


SHR STRESS (KPA) 


2 ¥. as —x—-—__}— —————_ — es 
0 


-0 0.8 £-6 204 3.2 4.0 4.8 5.6 
ei HORZ DEFM (CM) 
Se + 
sil 
& 
° 
To x aw ‘| 
as I 
= PN a 
rede ee i 
rs a 
& nol 
tol 
oe ; 
i 
a . 
ep a) ee 
4 if el Sas Se ee 
eV. * Ld x « 
eed, 
7 oo — —— — — + 
0.0 0.8 1.6 2.4 3.2 4.0 
HORZ OEFM (CM) 


ott 4 


TEMP (NEGREES C) 
wie -0.6 0.9 0.8 


O.u 0.6 1-6 2.4 3.2 4.0 4.8 5.6 
HSRZ DERM CEH) 


Figure C.6 Direct shear test FS-06 
o = 98 kN/m ye = 1.86 Ng/m? 
22] Nae 


> je wt te * 


a ae a 


; an ea ee et tla Rs fi ett 


a ,] 
7 a a — es ye \ 
; > «<2 a — » 
rf ’ < . 
' ‘ 
Pei tole i a a, ee) Tee Foe eT 
ia ee ney | tae 


ee 
— we eS ee 8 per ae. Le oe ae ry 
t 
4 


= a.” 


Log 


: 
| 
| 
| 
| 
= 
| 
: 


ft 
——+ 
4.8 
— 


he “\ ™ s i! 
a So 
a as wn) at 
\ =| \ x x 
\ xno vo] 
“. reset , To at 
\ j = 
\ E | | on (oe 
INE ed x re 
| ~~ ee a7 4 +* mu 
ee ioc Bd a 
| ey | pr as eee (eee = 
ie 4 | Tae . wo 
i So i ay ae, a0 
> en 
* LEP 
ae f hs ‘ 
i == +2 + ‘i 


00% O86 OZE cee drs OOs o8f Of 08 or 0 ola 006° 010" 0- 020" 0- deo°o- = avo" O- s‘o a0 $*0- ori 
(tdh) SS3d4!S YHS (WO) W330 183A (3 $338930) dW3l 


shear test FS-0/7 
456. KN/me Keoas ek Mg/m? 


Direct 
n 


O 


a 3 | La _ye | . : 
* —— . —_— —- —- ————« i ™ 
| J was, | 
a ° oan |e L > 
ao > + Eee 16 i a pH = = 


Figure C.7 


410 


320 


2280 
ye 
S 


\ 
- 


SHR STRESS (KPA) 
160 200 
— 
a 
TE 
i 


os 
ae 


120 


60 
® 
ee 
= 


0.0 0.8 1.6 24 3.2 4.0 4.8 5.6 
HORZ DEFM (CM) 
° 
8 + : + +—- b -+ —— 


° x 2 
=~, KE hy. sx Se «7 
* * 

at _ oe ge 
ue 
me 
“oO 
=z 
we 
ud 
a 
bs 
et 
wo 
> 


| | 


0.0 0-8 1.6 Bok! 3.2 4.0 4.38 5.6 
HORZ DEFM (CM) 


Elbo) 10 ares fica oh eas Cee] 


-0.6 


TEMP (OEGREES C) 
“1G 


— 


shut Act p AD E 


Figure C.8 Direct shear test FS-08 
Sy gas 217 kNy/im= ee 1.90 Mg/m 


i as h. 


i Sa eni it te oe *, re seine meni calli bstnna 


i 


Wy) 


o 


8 | ie | 
= + 
t 
x 
< 
im y T 
iB /\ 
ra f T 
a a of 
: A 
<4 oe 
+ 
/ 
+ + tt tH 
Z.4 3.2 4.0 4.8 $.6 
HORZ DEFM (CM) 
+ ——+ + + 
5 
= 
we 
WwW 
Qa 
be 
i =4 
w 
> 
a 
“Sit at z = 
4 tt 
vars 3.2 4.0 4.3 5.6 
HGRZ DEFM (CM) 
2 —+- = —+ on 
oe 
| 
wd 
Ww 
[oa 
o 
Ww 
cy 
tet 
xr ' 
lw 
4 
it ZN f 
i ey eS n\—— 
1 
a $———-——+ +— 4 
r.0 0.8 1.6 2.4 3-2 4.0 4.8 §.6 
HORZ DEFM (CH) 
Figuresl <9 Direct shear test FS-09 


o, = 370 N/m” Ye = 1.93 Mg/m? 


ar 
4 ' - ota a 
o mn 7 


ee ee ee 


i. = 
rs 7 


hd 


SHR STRESS (KPA) 


VERT DEFM (CM) 


0.016 


TEMP (DEGREES C} 


8 +--+ + —+- $——————-++ peat 

g i‘ 

ae 

*f (ex 

g 

: / i / 

3 j z t 
j ra 

Sy I a / 4 

| | Va if hee | 

Re ( / | 1 

oe i — 7 4 oe |S a 

a HORZ DERM eOGH 

at + + : + t t 


€.024 


| 
el + ae 4+—— 4 nl ; ears 
1 


2 a} 4 5 6 7, 
HQRZ DEFM (CM) 


2 ere t= + a 


-0.6 
—— 


SH a ee 


B 
% Hise 4 —— 
1 2 


G 3 4 
HORZ DEFM (CM) 


Figure. C. 10 


Direct shear test FS-10 


2 
| 311 kN/m Y¢ 


1.88 


Mg/m? 


42” 


+ 


% 7 -« 
eG et ee en 


4, ats iP as igh ide gait Shescsames 


a5 2! é Ras tol ) 


= eraser aie a oe ae 


. 


) 
t | 


i=] 
8+ va ao + wh at + (= = 
B+ 4 ae + 
<7 | ‘ 
i= 
Hie + 
e+ * + 
pew ee 
oc aoe 
oO « 
x 


300 
es 
ce 
SS 

ae 
a 
wie 

= 


Wi; * 
aa / / if 
ce vs : 

Bg Ue 2 

x *} Vie i 

x % 

? 84 


oo 
4 


iu 
in 
SS 


of+— aap i =) 4 =a + 
0.0 0.4 0.8 1.2 1.6 2.0 264 2.8 
HORZ CEFM (CM) 
et — a -t-- + + a eee | 
t ; 4 
| 
al | | 
eee 
58 S 
p= 7 
o oS a 
ike Be 
ast = - f ee 
> \ ca 
Ie \ ra 
i [ x ti eee : 
zt ee | 
ieee 4 —— fe i — 4 a 
0.0 0.4 0.8 1.2 a8 2.0 2A 2.8 
HORZ DEFM (CM) 
< +—----—+ et at + + 
il 
: + 
7 
Bot 4 
we 
ire) 
oc 
co + 
WwW 
Q 
ay Tr 
Pes, 
Ww 
Lad i + 
< - a KG eee SS. 
pceeeny ye 
eee eee 4 =; ——+ =f Je nll 
G50 0-4 0.8 1.2 1.6 2.0 2.4 2.6 
HGRZ DEFM (CHM) 
Figure. €: 1] Direct shear test FS-11 


ce = 370 We Ne = 1.93 aya 


: ; ; 
haa Se ee as Sid 
i? ae ewe a : “ 4 od a 


+ 


eee ee ee 


yA 


+ - ——— — — 4} - 


a | 
« 
Qo 
= ay | 
oe | ! 
oe x 
ec 
Be F Ki | 
= fs 
2 ' ; ro 1 pase 
ao . «* 
/ ee, A 
S ! lee / | 
© Lie — +— ' + 
0-0 0.8 1-6 2.4 3.2 4.0 4.8 5.6 
e HORZ OEFM (CM) 
tt ht —_— —+ ——+— = 
/ 
=e : 
Sie! ai ; 
rs | coe 
ty *. Hi 
[=] ree mS 
ral ae oe! fl 
[: bal “x 
a 
= 
i 
& ie + 
| J 
° ————= $$$ — alt 
0.0 0.6 1.6 2.4 3.2 4.0 4.8 5.8 
HORZ DEFM (CM) 
a —+———-—+4 -—+ —+ 
Ls 
OL 
As 
wi 
tu 
a 
o 
lu 
fan} 
ae | 
za 
uJ 
Ke 
oa 
Pees ea as 
2 Me — 
16 Dad 3.2 4.0 4.8 5.6 
HORZ CEFM (CM) 


Pi coupe G12 


0 
n 


Direct shear test FS-12 


129 kN/m? 


Ye = 1.95 Mg/m°? 


his 


c 

ae TS, 

=8 i ie 

By 

w f 

aR i 

lin fy 

= |i 

= 

2e 

poe 

an 

0 | om 
wee 

l , me 

6 | ¥ 


so 
ae 
tA 
Eee 


2 ef ry 
6.0 0.8 1.¢€ 2.4 Sie 4.0 

4 hORZ CER NG GMy 

2 — a +——-———+- +——~ + 


VERT DEFN (fn) 
-0.02 £.00 
ie 
eee ease 
we 


: x 
5 ea eee 
x \ \ 
5 
We —t + Sores u 
0.0 6.8 1.8 2.4 3.2 4.0 4.6 $.6 
HORZ OEFM (CM) 
a a a eT 


3.0 


-0.6 


TEMP (DEGREES C) 


af AS ea 


oe 
0.0 0.8 1.6 2.4 32 4.0 4.8 5.6 


HORZ DEFM (CM) 


Figure Csl3 Direct shear test FS-13 


L 


Pas 609 kN/m ee 1.76 Neen 


416 


\ 
« 
edt 
4 n | 
Aes 
| ae a = 
ie 20 ut 
ie 
Bee 
, x 
See ive 
\ ae iW 
—— 
| \ — o 
BY \ SE {ye 
SS 3h) Sp 
i, _ oc i) 
| Mle 
<4 
™s 
> 1s +> 
Wis 
\ 
| 
i ” 
iS 
a 
i x 
H KR, | 
Stes 
| pe i=) 
a ee ei eee EEN oe are 
0S O9€ O8€ O82 OFZ O02 OSI O24} O8 OF 0 voo°o 


(ddh}) SS3¥iS SHS 


(WI) Ws30 LYQA 


HORZ DEFM (CM) 


$°0- 
(3 $33y¥930) dh3l 


or t- 


grt- 


HORZ DEF (CM) 


Direct shear test FS-14 


Figure C.14 


1.88 Mg/m? 


a, = 133 Cee 


i 
4 
i 
t 
j 


oe ee ro heli wr? een i 
(age LNA, Pe 


ats sy | rs Fem aret he open Sirti seme r 


hy? 


ee 
ih 

zt SHEAR STOPPED, SAMPLE 

a 7, CONSOLIDATED 10 o,=902.5 kPa 

x 

Qo 

El 

wn 

ul j rh ia 

Sel | | 

a ~ - 

5 | x « i Pol pe 

! Pf is A 

- N | é is - 
RARE ae, 

Cee acer er eee PAS sey 0) OP) 8 eee 

a i 2 5 6 7 


VERT OEFM (CM) 
-G.04 
7 
“. 
f 
Ee oa 
wf lee ll 


oO 
wo 
Bis LIGHTS LEFT ON IN 
rs COLD ROOM 
ra) 
Lr) 
a 
= es 
o> 
=e 
i SS 


f 

4 
{4 
i 

| 


HGRZ OEFM (CM) 


Figure: C. 15 Direct: shear test, FS-15 


o, = 667 KN/m, -y—= 1.97 Mg/m 
903 kN/m 


3 


i ee er |: 
_ - 


> a 
fe hy 


SHR STRESS (KPA) 
s0 120 160 200 240 260 320 360400 


(CEGREES C) 


a 


VERT CEFM CCM) 
6 


0.04 


— 


— 


| 
| 
| 
: 


SS 
a 
— 


SS 
———— 
» i esi 
“ 
™ 
x 
ee 
etl 
SS ey oe Sew 


0.0 


-0.5 


+0 


nN 
1 


SS par Ss: 
ee 
pee 
—" 
* 
(ae ia 
7 
pee eS 
popes at 
—————— 
ee 
ae 
ae 
—_— 
Se 
Sa 
ae 
s+ 


0.00 
iw pe 
ee 
ee 

—— 

ay 

ren 
op OE a a ee ei ee ee ia lh 


HORZ OEFM (CM) 


i 


{ 
| 8 pa Fon 


(ete oe Bee 


i aay manic: & ane 
HORZ DEFM (cM) 


LIGHTS LEFT ON IN 
COLD ROOM 


=| 


He A= ney = 


Ht HH 
1 2 3 4 5 6 


HORZ DEFM (Cit) 
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TABLE C.4 SUMMARY OF RESIDUAL STRESS DATA OBTAINED IN THE 
PERMODE, NOELL LAKE SAMPLING SITE 
BOREHOLE OEPTH FROZEN WATER UNDRAINED VERTICAL RESIDUAL B EFFECTIVE 
INTERVAL BULK CONTENT VERTICAL THAW STRESS STRESS 
DENSITY = initial/ STRAIN STRAIN 
(final) 
(m) (Mg/m3) (z) (%) (3) (N/m?) (N/m?) 
NL2 0.64-0, 82 Hess 54.9 5.7 9.8 3(2) 1.00 
(42.8) 1 
23 
50 
36 
NL2 1.52-1.71 1.55 47.3 6.3 15.4 2 0.98 
(30. 6) 8 
23 
50 
104 
NL2 3.44-3.57 1.70 39.8 4.7 Nila 12 0.96 
(34.6) 27 
NL2 4. 27-4.39 1.74 30.4 5.1 25 0. 68 
(24.6) to 807 55 
109 
219 
NL2 4. 69-4. 82 1.56 46.6 6.5 17.8 5 0.99 
(33.3) 23 
150 
NL2 5.76-5.9) 1.92 27.9 207. 4.3 23 0.46 
(24.6) 8) 
161 
273 
NL2 5.94-6.04 1.68 42.6 4.7 15.4 5 0.75 
(32.3) to 23 
0.85 
4g 
NL2 7.01-7.13 1.82 29.3 Be 4.2 23 0.66 
(A) (26.9) 66 
134 
NL2 7.01-7.13 1.98 24.6 3.4 3.5 4 0.31 
(B) (23.4) 187 
297 
NL2 7. 48-7. 62 1.66 46.0 4.6 ilehay? 6 0.90 
(28.1) 23 
50 
104 
213 
NL2 8.87-8.96 1.79 31.5 3.5 5.5 24 0.74 
(26.0) to 109 
0.93 
NL2 8.96-9.05 1.63 49.8 5.0 25.6 0 1.00 
(28.5) WN 
26 
50 
77 


158 


-78 


DIRECT COEFFICIENT MUNSELL FABRIC 
PERMEABILITY OF COLOR DESCRIPTION AND 
CONSOLIDATION (FROZEN) COMMENTS 
(cm/s) (cm?/s) 
}OYR 4/2 Stratified ice, 
3 to 30% excess; 
af 5.2 x 10 1OYR 3/1 cryoturbation 
2 XN0 3 features; fine 
27 5.0 x 10 gravel sizes 
0x 10 
; ig? 5.7 x 10 3 
x 
VOYR 4/) Predominantly 
reticulate 
“5 7.6 x 16 z structure with 
2x 10 5) lenses to 0.4 cm; 
= Sie m0. some undecomposed 
0x 10 5 -2 sticks, twigs 
3.10 xe 10 
5) 
(Ses iis) 
26 jeOx 10h) OYA S/n Single ventiead 
2x 10 ice lense; one 
side hard clay, 
the other silty 
sand 
x Swelling 1OYR 3/1 Silt with pebbles 
Sx 10 9 = to in abrupt contact 
a 4.8 x 10 5Y 2.5/1 with dense plastic 
0x i0 3 a clay; minor 
-9 8.9 x 10 5 reticulate ice 
0x 10 
2 1OYR 3/1 Blocky; reticulate 
6x 102 “5 to structure with 
-8 Jue x iO SY 2.5/1 ice lenses to 
4 x 10 0.6 cm thick 
“8 27x lO 10YR a/ll Reticulate stru- 
Lox 10 oF cture with some 
-8 ors es AIC) ice lenses | to 
PSX NO 46 1.5 cm thick; 
Ey ail Fe Rios dense clay with 
4x 10 3 occasional pebbles 
Wet ome 1OYR 3/1 Highly disturbed, 
reticulate ice 
5.0 x 10° to 0.5 em in 
thickness dom- 
inating (top seal 
leaking} 
op 3.3.x 10°' 10YR 3/1 Dense silty clay 
8 x 10 = in oblique contect 
-8 Hay 54 Ut) with silt con- 

5 x 10 taining gravel; 
reticulate stru- 
cture; lenses to 
0.8 cm thick 

a 8.9 x10’ 10YR-3/1 As above 
es Wy af 
- 5.3 x 10 
6 x 10 
“fs 3.6 x 1073 1OYR 3/1 Very fine silty 
8 x 10 3 to sand with reticu- 
1.0 x 10 SY 2.5/1 late structure; 
0x 107 =i some horizontal 
- 8.2 > 10 lenses to 3 cm 
Ox 1017 : “4 thick 
7.6 x 10 
3x 107 
2B 3.4 x 10°" 10YR 3/1 Thin sandy lam- 
3x 10 inations in silty 
clay; reticulate 
structure; some 
gravel 
s 2.5.x 102 10YR 3/1 Fine silty sand 
8 x 10 7 with clay lump 
8.9 x 10 3 inclusions, strat- 
9x io”é 3 ified; reticulate 
&.5 x 10 3 structure with 

if Se 10 ® x ice lenses to 0.6 

mG 9.1 x 10 3 cm thick 

5x 10 3 

G ual x 10? 

0x 10 
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BOREHOLE 


NL2 


NL2 


NL2 


NL2 


NL2 


NL2 


Void ratios have been computed assuming a) an appropriate Ge 
b) full saturation © 
indicated may be 


139 


DEPTH 
INTERVAL 


(m) 
9.05-9.11 


9.69-3.75 


10.2-10.21 


10.67-10. 76 


11.40-11.52 


11.70-11.89 


FROZEN 


BULK 


DENSITY 


(Mg/m 


1.56 


1.77 


az 


1.74 


2.06 


2.08 


WATER UNDRAINED VERTICAL 
CONTENT VERTICAL THAW 
initial/ STRAIN STRAIN 
(final) 
(%) (2) (%) 
57.4 55! 30.9 
(29.0) 
36.7 4.8 16.2 
(28.2) 
35.8 16.3 
(32.5) 
Biiaz 4.6 16.9 
(26.5) 
20.4 2.5 shed 
(19.9) 
Zvevy 35.5 3.9 
(19.4) 


Due to the second assumption, some void ratios 


lower than actual values 


RESIDUAL 
STRESS 


(kN/m2) 


0 


7(2) 
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EFFECTIVE VOID 


B } DIRECT COEFFICIENT MUNSELL FABRIC 
STRESS RATIO PERMEABILITY OF CCLOR DESCRIPTION AND 
{ THAWED) CONSOLIDATION (FROZEN) COMMENTS 
(kN/n?) (cm/s) Kena/s) 
1.00 1.56 4 .9 x 10> 10YR 3/1 As Above 
27 0.92 302 x 10 
= 
he B74 oe ito) 
54 0.87 3.0x 107 = 
i -6 x 10 
108 0.83 2.9 x 107 - 
y .0 x 10 
217 On79 2 alex 10)” 
0.99 1.05 “ Nab 10k CYT a) icinersiiitvasands 
VW 1.00 2.4 x 10 =| to stratified; bed- 
=i 6 x 10 }OYR 2.5/1 ding features 
23 0. 88 1.1 x 10 =p) contorted; retic- 
~(8 76% 10) ulate structure 
50 0.83 Bag nO =| with ice lenses 
-6 -5 x 10 from 0.3 to 0.6 
104 0.80 6.4 x 10 & cm thick 
: 30 x) 10 
213 0.77 Soh xt 10 e 
0.79 0.97 Ee Nol 10l2 OvRUV I) serachhiedtst ity 
34 0.92 4.7 x 10 -2 to sand with clay 
a Bs Jeet Ke) 1OYR 2.5/1 lump inclusions, 
838 0.91 4.0 x 10 a5 contorted; retic- 
=5 eee Ce) ulate structure 
155 0.88 Seat] SS Ks) with ice lenses 
to 0.3 cm thick 
1.00 1.00 7x10" 1OYR 3/1 Blocky, stiff 
27 0.8) 1.0 x 10 th clay with some 
ES are ss lo) shale fragments; 
81 0.72 Seex: On subhorizontai 
ice lenses to 
1.2 cm thick 
-f 
0.4) 0.55 aa 8 x 10 7 Massive silty 
218 0.54 EE) sa i) clay with some 
stones; no 
visible segre- 
gated ice (prab- 
ably not satur- 
ated) 
0.75 0. 66 .6x 10° 10YR 3/1 Silty clay with 
136 0.59 th oe Ke stratification 
S 8x 10° features and 
217 0.57 1.5 x 10 9 pebbles; reticu- 


late structure 
with 10 to 35% 
segregated ice 
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TABEE S035 SUMMARY OF RESIDUAL STRESS AND CONSOLIDATION DATA 


OBTAINED IN THE TRIAXIAL CELL, FORT SIMPSON LANDSLIDE 
HEADSCARP SAMPLING SITE 


TEST ZONE- FROZEN WATER UNDRAINED VERTICAL RESIDUAL EFFECTIVE COEFFICIENT GROUND ICE SOIL FABRIC 7 
ATTITUDE BULK CONTENT VOLUMETRIC THAW STRESS STRESS oF DESCRIPTION DESCRIPTION 
DENSITY initial/ STRAIN STRAIN CONSOLIDATION 
3 (Final) 2 
(Mg/m”) (2) (2) (2) (kN/m*) (kN/m?) (ents) 
FS-01 4-v 1.66 49.8 0) (0) =i Three subhorizontal Massive, taken from 
(31.2) 75 10 lenses 0.5 to 0.7 <m between thick icy 
48 3 thick layers 
1.3 10 
103 
Fs-02 4-y 1.89 34.7 4.0 4.0 4 4 
(28.5) ' 5.0 10 3 As above, same core As above 
103 
6.5 x 10? 
207 
FS-03 4-v 1.86 38.) 3.6 79) 3 3 = Icy section near one Massive, from immedi- 
(32.8) 7.6 x 10 end ately below a 10 cm 
74 fh thick layer of ice 
8.0 x 10 
ble) 34 
FS-04 4-v 1297) 26.9 -0.1 159(7) Thin reticulate ice From below a thick 
(26.9) lenses ice lense, some 
desiccation 
FS-05 4-y 2.04 23.1 0.1 54 54 3 Sparse reticulate ice, Massive, from below 
(22.0) 6.4 10 lenses thin a 6.5 cm ice lense 
138 
FS-06 3-H 1.6) Sarit 10.6 :) 0 7 3 Predominantly reticulate indistinct strati- 
(32.8) 7.2 10 ice, 20% excess in veins fication 
2) 3 0.5 cm + thick 
4.2 10 
16.9 4 
= fe . . Fine reticulate ice From between 2 thick 
FS-07 4-V 1.92 30.0 1.0 63 \ 
(30.0) ice lenses, massive 
Fs-08 4-v 1.82 36.5 2 2 3 Fine reticulate ice, As above 
(29.8) 5.5 x 10 subvértical lenses as 
17 -3 thick as 1 to 1.5 cm 
Uys} 10 
34 : 
5.0 x 10> 
9.6 33 
FS-09 3-H 1.90 28.6 _ 6.1 0 (0) Pa Several discrete sub- Sradational strati- 
(26.5) ing TOle horizontal ice lenses fication, sandy silt 
14 =) averaging 0.5 cm in to silty clay 
ar 10 0.5 cm in thickness 
7-3 28 
FS-10 3-H 1.89 31.0 8.2 _ 5 5 = Reticulate ice with Silty, vague strati- 
(25.7) 3.4 x 10 several thicker hori- fication 
4) 3 zontal layers 
7.9 x 10 
83 
FS-11 3-H 1.90 28.8 6.9 8.7 10 10 3 Fine reticulate structure Silty 
(27.6) 3.5 x 10 
66 
FS-12 4-H 1.88 30.8 rere = 2 * SF Coarse reticulate High plastic clay, 
(26.2) 8.3 x 10 structure, lenses 0.5 sample collapsed 
45 aij cm thick during thaw 
5.6 10 
90 
FS-13 3-H 1.70 47.6 — = 0 (0) 3 Fine reticulate structure From base of zone 
(28.8) 8.6 10 3, just above thick 
4) 3 ice layer 
6.3 x 10 
90 = 
7.0 x 109 
186 
F5-14 3-V 1.95 28.8 — 0.7 72(2) Fine reticulate structure, Silty clay with thin 
(28.8) thick horizontal lens sandy seams @ 4 to 6 
near top cm spacings 
FS-15 3-H 1.75 4ILS 305 = te) i) ae ae Fine ceticulate structure From base of Zone 3 
(28.7) : 
31 3 
8.6 x 10 
62 P 
1.2 x 10? 
15.5 121 
FS-16 3-V 1.88 29.2 ses 10 Reticulate, several thick- Silty clay, some 
(29.2) er lenses sandy seams 
FS-17 3-V 1.84 32.0 4g 8.2 8 As above As above 
(32.0) 
FS-18 4-y 1.79 40.2 fae — 2 2 a) Reticulate ice, some Between thick ice 
(36.0) Nosy eshte lenses as thick as 0.6 layers 
16.1 WW to 0.8 cm 
FS-19 4-y 1.74 38.2 4.8 2 73 a Fine reticulate structure, Massive silty clay 
(32.2) 3.7 10 more closely spaced 
18.1 W 
FS-20 4-y 1.77 33.8 4,7 0 0 -2 As above As above 
(29.4) 6.2 x 10 
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TABWE = Che SUMMARY OF RESIDUAL STRESS AND CONSOLIDATION DATA OBTAINED 
IN THE TRIAXIAL CELL, NORMAN WELLS (MVPL) SAMPLING SITE 


‘ 


BOREHOLE DEPTH FROZEN WATER UNDRAINED VERTICAL RESIDUAL EFFECTIVE CUEFFICIENT OF 8 F 
INTERVAL BULK CONTENT VOLUMETRIC HA sabe 
SENIE T THAW STRESS STRESS CONSOLIDATION OESCRIPTION AND COMMENTS 
DENSITY initial/ STRAIN STRAIN 
(Final) 
5} 
) (Hg/m*) (2) (2) (2) (kW/m?) (kN/m?) (cm?/s) 
NW2 t=O 
0.4-0.7 1.85 28.4 3.2 6.1 0 10 Fine vertical and sub- 
(25.4) 7.5x102 vertical lenses; peaty 
layers 
48 0.85 
NW. a 
2 0.7-1.0 1.86. 24.8 2.9 3.8 =| 10 0.96 Fine ice lenses, roughly 
(19.9) 5.0x10 3 reticulate; sand partings 
33 
Tebxlo * 
80 
1eAxlo? 
138 
1.3xt0 
206 0.7) 
NW2 1.0-1.3 1.89 24.4 (PAC 7-9 3.8 1.00 Predominantly horizontal 
(21.9) lenses; 20% at one end; 


thicker layers of peat 
and sticks 


NW2 1.5-1.7 1.85 34.4 325 4.8 2.8 i] Some ice along organic 
(30.2) 42x10! layers; otherwise - Nbn 
Stratified; peat layers; 
33 some shale chips 
V.uxto7? 
72 
10 
-2 
2.5x10 ~ 
174 
241 9.89 
NW2 1.8-2.1 1.53 s5.4 10.3 2.1 Fe 1.00 No segregated ice; Nbe 
8 oxlo > bedded sandy silt; 
nN . numerous charred sticks 
7.3x10 7 
36 1.00 
NW2 4.3-4.6 Ney 38.8 18.0 2.5 3 Recticulate ice lenses to 
=2 ] em thick; blocky; thinly 
Gio) 1.6x10 bedded; organic specks 
lo 0.93 
NW2 3.2-8.4 1.82 39.4 3.8 6.2 Zeal 2 Recticulate ice lenses to 
9.7 io? 1 om thick, vertical and 
ES horizontal; thinly bedded; 
34 1.00 peat layers 
NW3 0.6-0.8 1.93 23.7 Hees 10 0.92 Fine ice lenses, predomin- 
antly horizontal; mottled; 
organic specks; sowe stick 
and roots 
NW3 WeOR1.2 1.91 26.1 (les 12 0.91 As above 
NW3 7.9-8.1 1.81 38.0 6.3 Bei: 0.98 Fine ice lenses, usually 
along peat layers; con- 
torted bedding 
NW3 10.4-10.6 1.92 26.2 7/5 W 0.93 Fine ice lenses; icey 
layers with soil in- 
clusions; dark and light 
grey-brown mottling; con - 
torted bedding; some stone 
NW3 VS 1155 1.92 PUES 1.0 17 0.62 As above 
NW3 11.9-12.1 1.85 32.0 2.8 15 0.84 Reticulate structure, 
lenses 0.5 to 9.7 cm 
a thick; very thinly 
laminated 
NWh 5.5-5.8 1.7) 45.0 Say 31 0.74 Few horizontal lenses; 
stratified with numerous 
peaty layers; sticks and 
roots 
ADDITIONAL TESTS ON SMALLER SPECIMENS 
NW2 1.0-1.2 1.85 34.0 0 0.98 e 
NW2 3.7-3.9 1.91 28.7 0 Peaty layers; sticks 


1.3x1073 


Psi 
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TABLE €.6 


CONTINUED 
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BOREHOLE DEPTH FROZEN WATER UNDRAINED RESIDUAL EFFECTIVE CORFFICIFNT OF B FABRIC 
INTERVAL BULK CONTENT VOLUMETRIC STRESS STRESS CONSOLIDATION DESCRIPTION AND COMMENTS 
DENSITY initial/ STRAIN 
(final) 
(in) (Ha/m3) (2) (kN/m?) (kN/m2) fema/s) 
NW? raeey bes 1.67 50.1 26 26 0.95 
(38.2) 3. 7x10 
177 
8.8x10 > 
354 
NW2 93.-9.4 1.93 28.0 151 0.86 
NW3 1.5-1.7 1.70 39.0 eS 0.96 
NW3 2.5-2.6 1.41 70.5 75 ) 0.97 
NW3 52-503 1.84 33.8 Bil 1.00 
NW3 8.1-8.3 1.98 28.4 3.4 43 55 0.42 
3.2xi0 2 
jlo 
NW3 6.3-8.4 1.95 28.3 3.6 17 7 0.51 
(26.5) 8.7x10? 
27 
48x10 3 
W7 
Nw3 9.1-9.2 1.97 26.5 3.6 14 0.70 
+3 
NW3 10.1-10.2 1.97 22.4 1.6 7.4x10 
7% 
NW3 10.8-10.9 2.02 31.3 3.6 0.98(7) 
NW3 11.7-11.8 1.83 29.7 Bay 28 5 0.98 
2.0x10 
55 
NWA 4.6-4.7 1.55 61.3 6.9 1.00 


C.4 THAW-CONSOLIDATION TESTS 
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TABLE C.9 SUMMARY OF RESULTS FROM CONSOLIDATED UNDRAINED TRIAXIAL 
TESTS, NORMAN WELLS (MVPL) SAMPLING SITE 


TEST BOREHOLE DEPTH FROZEN hi ")> Ga ‘¢ 1/93 A, 8 w REMARKS 
INTERVAL BULK (INITIAL) — (PEAKY 
DENSITY 
3 2 2 . 
(m) (Mg /m> ) (KN/m*) (kN/m*) (x) (3) 

NW-O1 NW? 0.4-0.7 1.85 10 \7 5.6 5.0 0.01 0.85 25 Stratified silty sand, 
relict active layer, tested 
without consolidating 
Specimen 

NW-02 NW2 0.4-0.7 1.85 48 64 Dent SITES 0.21 0.92 23 Stratified silty sand 

NW-03 NW2 0.7-1.0° 1.86 206 2 10.4 3.2 0.43 0.71 20 Silty, organic layers, 
reticulate ice 

tW-04 NW2 PeGrtas 1.89 4 27 6.4 6.2(7) ~0.33 1.00 24 Thinly bedded silty clay, 
tested without consolidat- 
ing specimen 

NW-05 NW2 1,0-1.3 1.89 48 33 6.5 4.0 0.33 1.00 From same core as above 

WW- 06 NW? Ueki SrA 1,85 24) 189 6.6 3.8 0.48 0.70 30 Contact between sand, silt 
with shale chips and silty 
clay with peat layers 

NW-07 NW2 1.8-2.1 1.53 VW 4y 6.3 — _— 1.00 53 Thinly bedded silty ciay, 
Peat layers, sticks and 
roots, P.w.p. erratic 

NW-08 NW2 1.8-2.1 1.54 36 63 7.0 4.9 0.44(7) 0.95 48 From same core as above 

NW-09 NW2 4. 3-4.6 1.72 19 37 6.2 5.7 -0.0) 0.98 34 Reticulate ice, blocky 
structure, peat layers 

Nw- 10 NW2 8.2-8.4 1,82 2 iS 8.0 - 0.10 1.00 39 Reticulate ice, organic 
specks, sandy partings, 
tested without consolidat- 
ing specimen 

NW-11 NW? 8.2-8.4 1.82 34 53 6.2 3.2 70.1) 1.00 28 From same core as above 

NW-12 NW3 0.6-0.8 1.93 10 20 6.0 _ -0.2) 0.92" 24 Tested without consolidat- 
ing specimen, problems with 
pore pressure measurement 

NW- 13 Nw3 UOT 2 v.91 12 4y 3.6 3.6 -0.09 0.91 26 Massive, fine reticulate 
ice structure 

NW 14 NW3 7.9-8.1 1.8) 2 20 5.8 - -9.03 0.93 38 Reticulate ice, tested 
without consolidating 

NW-15 NwW3 10. 4-10.6 1.92 it 23 7.3 3.8 0.10 0.93 26 Reticulate ice, soi 
appeared quite dry,tested 
without consolidating 
specimen 

NW-16 NW3 10.4-10.6 1.92 24 78 5.4 2.4 0.36 0.92 28 Reticulate ice, sandy 
partings, tested without 
consolidating specimen 

NW-17 NW3 11.9-12.1 1.85 - 19 62 4g oll 0.09 0.84 32 Reticulate ice, tested 
without consolidating 
specimen 

Nw-18 NWA 5.5-5.8 1.7) 3! 3 4.8 BSS 9.28 0.78 45 Contact plastic clay and 
highly organic silt, failed 
along boundary 

NW-19 NW4 5.5-5.8 1.71 97 tks 4.0 ik 0.43 0.86 4O From same core as above 


mostly silty clay inter- 
bedded with peat 
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